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The expansion of trmucleotide repeats in certain human genetic disease geñs 
causes a number of hereditary neurodegenerative and neuromuscular diseases 
including Huntington's disease, myotonic dystrophy and fragile X syndrome. The 
expansion of unstable trinucleotide repeats upon transmission from parent to offspring 
is the molecular basis of anticipation, which is characterized by earlier disease onset 
and an increase in the severity of disease symptoms with successive generations. The 
mutational mechanism by which these trinucleotide repeats are destabilised is still 
poorly understood. 
In order to identify cellular factors that affect trinucleotide repeat stability, 
changes in the length of a (CTG) 43 repeat were studied over 14 days (approximately 
140 generations) in wild-type Escherichia coli (E. coli) and in strains that are 
deficient in post-replicative mismatch repair, secondary structure repair and 
homologous recombination. It is shown that (CTG) 43 inserted into pUC 18 expands 
and contracts in wild-type E. coli in an orientation-dependent manner that is 
unaffeáted by transcription. In cells deficient in post-replicative mismatch repair 
(CTG)43 repeat instability is greater than in wild-type cells but orientation-
independent. The observation of single trinucleotide insertions and deletions in these 
mutator mutants indicates that replication slippages of 3 base pairs (bp) occur in vivo 
leading to repeat expansion and contraction if left unrepaired. Compared to wild-type 
cells large deletions are reduced in these mutator mutants, but only if the CTG 
sequence serves as the lagging strand. Based on the opposing effects of mismatch 
repair a model is proposed in which orientation-dependent CTG repeat instability in 
mismatch repair proficient cells is caused by the repair of 3-bp slippages. This may 
lead to the creation of larger deletions during repair synthesis due to the formation of 
unusual secondary structures by the CTG sequence on the lagging strand. 
Mutations in the recA and sbcCD genes do not affect the stability of plasmid-
borne CTG repeats. Similarly the viability of recA-deficient strains carrying 
chromosomal insertions of (CTG) 25 and (CTG) 43 suggests that, unlike long 
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1.1 The Discovery of Repeated DNA 
The universally and extensively repetitive nature of eukaryotic genomes was 
first proposed in a paper by Britten and Kohne in 1968. In experiments that measured 
the reassociation kinetics of sheared bacterial or viral genomic DNA Britten and 
colleagues (Waring and Britten, 1966; Britten and Kohne, 1968) had found, not too 
surprisingly, that reassociation was inversely related to the DNA content of a bacterial 
cell or virus particle. Considering the higher complexity of mammalian genomes, they 
estimated that reannealing of the mouse genome would require months. To their 
astonishment, they found that 10 % of the mouse genome reassociated "extremely 
rapidly". Since the rate of reassociation is a measure of the number of different 
nucleotide sequences in a given sample of DNA, they concluded that the mouse 
genome must contain large regions of repetitive sequences. This fraction they termed 
mouse-sateffite DNA. In fact, mouse-sateffite DNA was found to reassociate 15 times 
faster than the DNA from the simian virus 40 (SV40) which contains approximately 
6000 bp. Thus, they concluded that mouse-satellite DNA "consists of more than a 
million copies of segments 300 bp or 400 bp long and strung end-to-end with little 
variation between the segments". 
Six years later, Gall and Atherton (1974) used the term sateffite DNA to 
describe the primary structure of DNA in three extra 'sateffite' bands which they 
observed in the sedimentation pattern after centrifugation of Drosophila virilis DNA 
in a neutral gradient. Sequence analysis revealed a repeated A-rich heptanucleotide 




In 1984, Wellers et al. reported the isolation of a 33-bp tandem repeat in the 
first intron of the human myoglobin gene. Jeifreys et al. (1985) showed that this 33-bp 
fragment hybridises to a number of other tandem repetitive elements in the human 
genome. They found that cross-hybridisation was due to a shared 5'-GGGCAGGXG-
3' sequence at the centre of these sequences. When the authors noticed the similarity 
in length and G contents of this 'core sequence" to the recombination-stimulating 
sequence in E. coli, chi (x 5'-GCTGGTGG-3'), they suggested that this may indicate 
a function in recombination promoting the formation of these sequences, which they 
called minisatellites. Most importantly they discovered that due to length 
polymorphism of such minisatellites in the human genome hybridisation with 
conserved core-sequences could provide individual-specific patterns with applications 
in genome analysis, forensics and parenthood testing. Other minisatellite sequences, 
such as the 33-bp minisatellite (5'-AGGAGTGTGAATGGGGCATAGTGAATGAG 
GGGA-3') in the 5-flanking sequence of the 'mutated in colon cancer' (MCC) gene 
(Bugert et al. 1998) are not X-related. 
Shorter simple repetitive sequences, so-called microsateffites, soon emerged as 
another powerful tool in personal identification and genome analysis by providing 
markers for linkage and mapping. In contrast to minisatellites whose repeating units 
are between 5 bp and 60 bp long, repeating units of microsatellites are composed of 
only 2 to 5 bp. In the human genome the CA microsatellite occurs on average every 
30 kb and is probably the most common microsateffite (Stallings et al. 1991), but tn-
and tetranucleotide repeats are also frequent. The first CA microsateffite was 
described by Hamada and Kakunaga (1982). They located it to the human cardiac 
muscle actin gene and identified fifty tandemly repeated CA dinucleotides. Using this 
CA repeat as a probe, Hamada et al. (1982) demonstrated that this microsateffite was 
very frequent in lower and higher eukaryotic genomes. A survey of a human genome 
database by Nadir et al. (1996) revealed that A-rich microsatellites are often located 
near retroposons, which led the authors to suggest that both sequences may have 
coevolved and that microsateffites were generated by base alterations in 3' extensions 
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of retrotranscripts. Similarly, Mu-repeats' have been implied as a source for the 
creation of microsateffites (Arcot et al. 1995). Proposed mechanisms of microsatellite 
evolution will be reviewed in more detail near the end of this introductory chapter 
(1.4.2 Interhelical and intrahelical Mechanisms of Simple Tandem Repeat 
Evolution). Other microsateflites are not near retroposons and, in contrast to the 
above, they are found within genes. Among these, Stallings (1994) identified the CAG 
microsateffite as one of the most abundant in the human genome and as the most 
abundant microsatellite in exons. Its absence from intronic regions, he argued, was 
probably due to its similarity to the 3' splice site recognition sequence CAGG. 
The biological function of mini- and microsateffites has remained largely 
unclear. However, as Kashi et al. (1997) have pointed out, due to their abundance and 
wide dispersion throughout coding as well as non-coding regions of eukaryotic 
genomes, they are "well-positioned to influence almost any genetically determined 
trait". Indeed, over the past eight years the expansion of particular intragenic 
microsateffites (Figure 1-1) has become associated with a number of important 
heritable neurological diseases, some of which have been known for more than 
hundred years. Considering Stailings (1994) fmdings, it was not surprising to fmd that 
the CAG microsateffite is most notoriously involved. To this day the expansion of ten 
CAG microsatellites that are scattered throughout the human genome has been 
identified as the cause of ten neurodegenerative and neuromuscular diseases including 
Huntington's disease, myotonic dystrophy, seven autosomal dominant types of 
cerebellar ataxia as well as an X-linked recessive spinal and bulbar muscular atrophy. 
Expansion of two other trinucleotide repeats, namely CGG and GAA, has been 
identified as the molecular basis of at least four other trinucleotide repeat expansion 
diseases (TREDs). The CGG repeat expansion diseases include fragile X syndrome, 
which is the most conmion cause of inherited mental retardation in man, FRAXE, 
another X-linked form of mental retardation, and FRAXF. One of the more recently 
identified TREDs is autosomal recessive Friedreich's ataxia (FA), which is almost 
Alu-sequences are highly repetitive sequences found in large numbers (100-500,000) in the human genome. 
They have a 3' poly-A tail and flanking repeats and look like DNA copies of mRNA. They are called Mu-
sequences' because they are cleaved by the A/u endonuclease. 
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always caused by enormous expansions of an intronic GAA microsatellite (see 1.3 
Human Neurological Diseases Caused by Expanded Trinucleotide Repeats). 
G 	 A 	 T 	 C 
GG GGG GGA GGT GGC 
AG AGG AGA AGT AGC 
TG TGG TGA TGT TGC 
CG CGG CGA CGT CGC 
GA GAG GAA GAT GAC 
AA AAG AAA MT MC 
TA TAG TM TAT TAC 
CA CAG CM CAT CAC 
GT GTG GTA GTT GTC 
AT ATG ATA AU ATC 
U TTG UA iTT rrc 
CT CTG CTA CU CTC 
GC GCG GCA GCT GCC 
AC ACG ACA ACT ACC 
TC TCG TCA TCT TCC 
CC CCG CCA CCT CCC 
Figure 1-1. A presentation of all trinucleotides that can possibly be formed by the 
four-letter genetic code. This code can compose (43 = 64) possible trinucleotides, 
four of which in fact are mononucleotide repeats (GGG, CCC, TTT, AAA). The 
remaining 60 trinucleotides are in fact 10 groups which consist of 6 trinucleotides 
representing the same infinite double-stranded repeat sequence. Of these ten groups 
expansion of only three has so far been associated with genetic disease. These repeats - 
including all permutations of these repeats are highlighted (GAA in green, CAG in red 
and CCG in blue). 
For reasons of simplicity and clarity, microsateffites will be referred to in the 
abbreviated form throughout this thesis. For example, a microsateffite that consists of 
d(CAG)n*d(CTG)n  trimers will herein be referred to simply as 'CAG repeat' or 'CTG 
repeat'. Unless otherwise stated this indicates an uninterrupted double-stranded 
tandem repeat sequence and includes all cyclically permutated forms of the particular 
4 
Chapter 1 Introduction 
trinucleotide. For example, it can be seen from Figure 1-1 that in an infinite double 
stranded sequence CAG also reads AGC, GCA or their complementary CTG, GCT 
and TGC. By convention, the untranslated d(CAG) n*d(CTG)n  repeats associated with 
myotonic dystrophy and spinocerebellar ataxia type 8 (SCA8) are referred to as 'CTG 
repeats' whereas the translated d(CAG)d(CTG) repeats in all other CAG repeat 
expansion diseases are referred to as 'CAG repeats'. 
1.2 Repeated DNA, Fragile Sites and Cancer 
1.2.1 Classification of Fragile Sites 
The first fragile site was observed by Dekaban in 1965, but the term itself was 
not introduced until - fourteen years later - Hecht and Kaiser-McCaw (1979) applied 
it in connection with a fragile site on the human chromosome 16q which they used to 
assign the alpha-haptoglobin locus. According to Sutherland (1979) a fragile site has 
following characteristics: (1) it is a nonstaining gap of variable size usually on both 
chromatids, (2) the location of the site is invariant, (3) the site is inherited in a 
Mendelian fashion, (4) fragility must be evident by the production, under appropriate 
in vitro conditions, of acentric fragments, deleted chromosomes, and triradial figures. 
According to the frequency of their occurrence fragile sites have been divided 
into two groups: 'rare fragile sites' that are carried by fewer than 1 in 20 people and 
'common fragile sites' on practically all chromosomes (Glover et al. 1984). A recent 
paper by Sutherland and co-workers (1998) reviewed further subdivision of those two 
groups taking into account the tissue culture conditions required to induce the fragile 
site (Sutherland, 1979; Sutherland et al. 1980). The majority of rare fragile sites (e.g. 
FRA1 1B, FRA16A, FRAXA, FRAXE, FRAXF) can be expressed in tissue culture 
medium that lacks folic acid (Lubs, 1969; Sutherland, 1977), whereas rare fragile sites 
that are not folate-sensitive, can be induced by either 5-bromo-2'-deoxyuridine 
[(BrdU), e.g. FRA12C, FRA10B] or distamycin A (e.g. FRA16B, FRA8E). Most 
common fragile sites are expressed if the antibiotic drug aphidocolin is added to the 
culture medium (e.g. FRA3B, FRA1613, FRAXD). Others are induced by 5- 
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azacytidine (e.g. FRA1J, FRA19A) or BrdU (e.g. FRA613, FRA1OC). Such additives 
repress DNA replication by depleting the nucleotide pooi or by inhibiting DNA 
polymerase alpha. This leads to the emergence of a non-staining gap in some cultured 
metaphase chromosomes. 
1.2.2 Molecular Structure 
1.2.2.1 Rare Fragile Sites 
1.2.2.1.1 Folate-Sensitive Fragile Sites 
At the loci of all cloned folate-sensitive fragile sites - five so far (FRAXA, 
FRAXE, FRAXF, FRA1 lB and FRA16A) - amplifications of normally polymorphic 
CCG repeats have been found. CGG repeat expansion and hypermethylation at the X-
linked fragile site FRAXA is responsible for the most common heritable mental 
retardation syndrome, namely fragile X syndrome (Verkerk et al. 1991), while 
FRAXE has been associated with a rare, non-specific form of mental retardation 
(Knight et al. 1993). Structural analysis of the FRAXF site (Xq27-28) (Hirst et al. 
1993; Parrishet al. 1994) exposed a (GCCGTC)(GCC) compound array (Ritchie et 
al. 1994). Further sequence analysis revealed that normal individuals have three 
copies of the hexanucleotide and length polymorphism results exclusively from a 
variation in the copy number of CGG trinucleotides. Thus far X-linked rare fragile 
sites have turned out to be expansions of CGG repeats that are associated with more 
or less severe forms of heritable mental impairment. They will therefore be reviewed 
in 1.3.1 CGG Repeat Expansion Diseases. 
Apart from X-linked fragile sites two other rare fragile sites, FRA1 lB and 
FRA 1 6A, were shown to be amplified CGG repeats. First, Jones et al. (1994) mapped 
FRA11B (11q23.3) to the human cellular homologue of the murine oncogene v-cbl 
and murine cellular proto-oncogene Cbl-2 (CBL2) and presented evidence for a 
possible association of FRA1 lB with the loss of part of the long arm of chromosome 
11 which is characteristic of Jacobsen (11 q-minus) syndrome. This was the first time 
that a fragile site had been linked to chromosome breakage in vivo. A year later, the 
same laboratory mapped FRA1 lB to the CGG repeat within the CBL2 gene and 
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showed that the CGG repeat was expanded in some Jacobsen syndrome patients 
(Jones et al. 1995). Unlike FRA1 lB. the expanded CGG repeat at the FRA16A site 
(16q22. 1) does not appear to be part of a gene (Nancarrow et al. 1995) 
Less is known about the structure of other folate-sensitive rare fragile sites 
which have not yet been cloned, such as FRA12A (12q13) (Sutherland and Hinton, 
1981). Three genes just distal to FRA12A are known, FXRJ [coding for FMR1 cross- 
reacting protein (Siomi et al. 1995)], PCPBJ and PCPB2 [coding for poly(rC)
binding proteins 1 and 2 (Leffers et al. 1995; Tommerup and Leffers, 1996)]. 
Interestingly all three proteins, but FXR 1 in particular, share regions of remarkable 
homology with FMRP, the protein encoded by the FMRJ gene (Siomi et al. 1995). 
However, whether FRA12A also contains an amplified CGG repeat like other folate-
sensitive fragile sites remains to be established. Other folate-sensitive rare fragile sites 
that have, so far, not been linked to a gene and/or a disorder include 10q23 
(Sutherland et al. 1982), 6p23, 9p2l, 9q32 (Sutherland et al. 1983) and l7p12 
(Shabtai et al. 1982). 
1.2.2.1.2 BrdU- and Distamycin A Inducible Fragile Sites 
Rare fragile sites that are not folate-sensitive can be induced by the addition of 
BrdU and/or distamycin A to the culture medium. Instead of CGG microsateffites, 
minisatellites were identified at the loci of two cloned BrdU/distamycin A inducible 
fragile sites. The distamycin A or BrdU-inducib!e site FRA16B is an expanded AT-
rich 33-bp repeat (Yu et al. 1997a). Hewett et al. (1998) showed that the BrdU -
inducible site FRA lOB (Sutherland et al. 1980) is composed of expanded 
approximately 42-bp repeats. They found that in different families the expanded 
minisatellite varied in length, but also composition of its smallest unit. So far, neither 
FRA1OB nor FRA16B has been shown to be part of a gene. However, in a patient 
with optic nerve coloboma-renal disease (ONCR) Narahara and colleagues (1997) 
recently mapped a lOq breakpoint that is just distal to FRA10B to a site within the 
PAX2 gene (for paired box homeotic gene 2). Genes in the vicinity of FRA16B have 
been reported by Mulley et al. (1989). 
VA 
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1.2.2.2 Common Fragile Sites 
In contrast to rare fragile sites, very little is known about the structure of 
common fragile sites, such as FRA6E (Kahkonen, 1988), FRA16D (Shabtai et al. 
1983), FRA7H, FRA7G and FRAXB (all Barbi et al. 1984) and the most common 
aphidicolin-mducible common fragile site, FRA313 (Markkanen et al. 1982). 
To this day, three common fragile sites have been cloned. Sequence analysis of 
the FRA3B region revealed that the structure of this common fragile site differs from 
that of rare fragile sites; neither repetitive DNA sequences nor homology to any other 
known sequence could be detected (Rassool et al. 1996). Similarly, a cloned FRA7G 
site did not reveal micro- or minisatellites which are typical of rare fragile sites. 
Instead Huang and colleagues (1998a) identified an endogenous retroviral sequence 
(HERV-H) as well as 'small dispersed circular DNA' -like sequences at FRA7G. When 
Mishmar et al. (1998) sequenced the region spanning FRA7H, the third cloned 
common fragile site, they identified several domains with potentially unusual DNA 
structures, high flexibility, low-stability, and non-B-DNA-forming sequences. They 
detected similar properties for FRA3B and FRA7G and proposed that such unusual 
DNA properties may affect DNA replication, chromosome condensation and 
organisation of common fragile site loci and lead to their instability. The 3q14 region 
that includes FRA3B contains genes such as HRCAJ (for hereditary renal associated 1 
gene) and FHJT (for fragile histidin triad gene) that have been implicated in several 
cancers. Evidence for a possible role of fragile sites in chromosomal deletions and 
rearrangements associated with several cancers is presented below. 
1.2.3 Fragile Sites and Cancer 
Several lines of evidence suggest that both common and rare fragile sites may 
be important hot-spots for chromosome rearrangements, gene amplification, and 
integration of viral genomes. Their possible role in oncogenic processes was first 




1.2.3.1 Leukaemia and the Rare Fragile Site 9p2l 
In 1985, Chilcote et al. suggested that the rare fragile site 9p2l could be the 
basis of a familial predisposition in some cases of lymphomatous and acute 
lymphoblastic leukaemia (LALL). This folate-sensitive fragile site is in a band of 
chromosome 9 (9p22-p21) which has repeatedly been reported rearranged or lost in 
some LALL patients (Kowalczyk and Sandberg, 1981; ChiJcote et al. 1985; Murphy 
et al. 1985). The molecular basis of 9p21  is unknown. 
1.2.3.2 The GLI Gene and the Rare Fragile Site 12p13 
A new gene that is up to 50-fold amplified in malignant glioma, hence termed 
glioma-associated (GLI) oncogene was identified by Kinzler et al. (1987). The GLI-
gene was first localised to 12q13.2 or 12q13.3 (Dal Cin et al. 1989). Also on 12q13, 
Sutherland and Hinton (1981) had previously reported a rare fragile site of the folate-
sensitive type. So far, there is no evidence in the literature for any link between GLI-
gene amplification and expression of the rare fragile site at 12p13. 
1.2.3.3 The MYC Gene and the Rare Fragile Site FRA8E 
For example, the human homologue of the v-myc avian myelocytomatosis viral 
oncogene (MYC) is normally on 8q24 (Dalla-Favera et al. 1982), whereas in some 
colon carcinoma cell lines .MYC has been found in a homogeneously  staining region 
(HSR) on a contorted X chromosome (Alitalo et al. 1983). Since such HSRs in cell 
cultures are good indicators of gene amplification this suggests that chromosomal 
translocation events can be accompanied by amplification. Interestingly, MYC 
(8q24.12-q24.13) is just distal to the rare distamycin-A inducible fragile site FRA8E 
which is at 8q24.11 (Takahashiet al. 1991). 
That FRA8E and other fragile sites on 8q22, 1 1q13 and 18q21 may be 
important for pathogenesis of non-Hodgkins lymphoma was suggested by Chary-
Reddy et al. (1994) as they found that these fragile sites are located in the same 
chromosomal bands as the oncogenes MYC, MOS 2 (Prakash et al. 1982), BCL-1 3 
2  (v-mos Moloney murine sarcoma viral oncogene homologue) 
B-cell CLL (chronic lymphatic leukaemia)/lymphoma I 
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(Tsujimoto et al. 1984) and BCL-2 4 (Pegoraro et al. 1984), respectively, and are 
more strongly expressed in untreated non-Hodgkin's lymphoma patients as compared 
to a healthy control group. 
1.2.3.4 The Common Fragile Sites FRA7G and FRA7H 
A possible role in cancerogenesis has also been proposed for the common 
fragile site FRA7G. Several recent reports from the Huang laboratory showed that 
YAC clones that contain FRA7G overlap with a region that is frequently deleted in 
prostate, ovarian and breast cancer (Huang et al. 1998b; Huang et al. 1999). Their 
analysis also revealed an association of FRA7G and another common fragile site, 
FRA313, with a hot-spot for viral integration. So far, no gene has been assigned to 
either FRA7G or FRA7H. Deletions in the 7q3 1.1 region have also been reported in 
renal cell carcinoma (Shridhar et al. 1997). 
1.2.3.5 The FHIT Gene and the Common Fragile Site FRA3B 
FRA313, which is probably the most important common fragile site, was first 
observed by Cohen et al. (1979) in association with hereditary renal carcinoma and 
was later mapped to 3pi4.2 (Wang and Perkins, 1984). FRA3B is part of a 200 kb to 
300 kb region that is deleted in multiple tumor-derived cell lines. Ohta et al. (1996) 
identified the FHIT gene in this deleted region and observed abnormal FHIT 
transcripts in 50 % of stomach, oesophageal and colon cancers. Sozzi et al. (1996) 
investigated the role of FHIT in lung cancer and found aberrant FHJT transcripts in 80 
% of small cell lung cancers and in 40 % of non-small cell lung cancers. 
Involvement of common fragile sites in gene amplification, a characteristic 
feature in tumour progression (reviewed in Glover, 1998), has recently been 
suggested by Coquelle and colleagues (1997). They put forth a mechanism that 
explains amplification of a sequence (e.g. an oncogene) between two common fragile 
sites by repeated breakage-fusion-bridge cycles. 
In conclusion, fragile sites may contribute to oncogenic processes in several 
ways including actual chromosome breakage, chromosomal translocation, gene 
' B-cell CLL (chronic lymphatic leukaemia)/lymphoma 2 
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inactivation due to complete or partial gene deletion and gene amplification by the 
proposed breakage-fusion-bridge mechanism after actual chromosomal breakage at 
the fragile site (for recent reviews see Sutherland et al. 1998; Glover, 1998; Smith et 
al. 1998). 
1.3 Human Neurological Diseases Caused by 
Expanded Trinucleotide Repeats 
1.3.1 CGG Repeat Expansion Diseases 
1.3.1.1 Fragile X Syndrome 
Fragile X syndrome is the most common inherited form of mental retardation 
in humans. It is associated with moderate to severe mental retardation, facial 
dysmorphism, high-pitched jocular speech and the expression of a fragile site at 
Xq27.3. Inheritance of the disease is unusual; that is the heterozygous daughters of 
phenotypically normal, transmitting males are not mentally impaired and fragile site 
expression is low. A third of the daughters of these heterozygous females, however, 
are mentally retarded and express numerous fragile sites. This inexplicable (non-
Mendelian) pattern of inheritance of fragile X syndrome became known as the 
Sherman paradox (Sherman et al. 1985). 
1.3.1.1.1 The Discovery of the Affected Gene 
In an attempt to explain the unusual mode of inheritance of fragile X 
syndrome, Pembrey and colleagues (1985) suggested that "a premutation exists that 
only generates the definitive full mutation when transmitted by a female possibly by 
recombination with the other X chromosome". In 1987, Laird (1987) advanced an 'X-
inactivation imprinting' hypothesis to explain the irregular pattern of inheritance of 
fragile X syndrome. He proposed that the fragile X mutation prevents reactivation of 
the Xq27 region prior to oogenesis. Inheritance by a male of an X chromosome with 
such an unreactivated Xq27 region would result in reduced amounts of proteins coded 
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for by this region. The same would happen in somatic cells of a heterozygous female 
where the intact X chromosome has been inactivated. 
Attempts to further characterize the Xq27.3 breakpoint followed. Bell et al. 
(1991) used methylation-sensitive BssHII cleavage to test Laird's hypothesis. Indeed, 
DNA cleavage with BssHII was weak or absent in fragile X males and the authors 
proposed that this was probably due to methylation of the BssHII recognition site 
5'G/CGCGC 3' indicating "an association of hypermethylation of a nearby CpG island 
with fragile X syndrome". They detected no large chromosomal rearrangements in the 
region. However, using DNA fragments that overlapped the fragile site as a probe on 
chromosomal DNA, Yu et al. (1991) and Oberle et al. (1991) discovered localised 
rearrangements in the FRAXA region that varied between individuals from the same 
family and concluded that Xq27.3 may contain a "DNA sequence that is inherently 
unstable". 
Eventually, Verkerk and colleagues (1991) identified a new gene in the 
Xq27.3 breakpoint region, which they termed fragile-site mental retardation-i 
(FMRJ) gene. In the first exon of this novel gene just distal to a hypermethylated CpG 
island they identified a long CGG repeat; Unstable expansions of this CGG repeat 
were accompanied by abnormal methylation of the adjacent CpG island in fragile X 
patients. Only in a few isolated cases, a point mutation (De Boulle et al. 1993), 
deletion of a single base (Lugenbeel et al. 1995) or deletion of a larger segment 
encompassing the FMRJ gene (Wohrle et al. 1992b; Gedeon et al. 1992; Tarleton et 
al. 1993; Meijer et al. 1994) have been found to cause fragile X syndrome. FRAXA 
was the first fragile site within a gene to be cloned. 
1.3.1.1.2 Normal FMRI Alleles, Premutations and Full Mutations 
Over the past eight years, FMRJ alleles with CGG repeats ranging in length 
from 6 to more than 230 CGG copies have been found and were divided into three 
classes. The first class comprises normal alleles which are stable and have 6 to 53 
COG copies. The second class includes premutated FMRI alleles which are somewhat 
larger than normal alleles with 53-230 copies. Normal and premutated alleles are not 
methylated, so FMRJ expression is not affected. Premutations however are unstable 
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and during maternal transmission they can give rise to full mutations (> 230 CGG 
copies), the third class of alleles. Alleles with a full mutation are hypermethylated and 
cause -fragile X syndrome as a result of downregulation of the FMR1 gene, though 
there are some exceptions. For example, Smeets et al. (1995) showed that COG 
repeat expansion is not necessarily followed by methylation. They had in fact found 
two clinically normal brothers with amplified CGG repeats and fragile site expression 
but who had unmethylated FMRJ promoters and normal levels of FMRP, the protein 
encoded by the FMRJ gene. Therefore FMRJ inactivation, not CGG repeat expansion 
itself, leads to fragile X syndrome. - 
1.3.1.1.3 Intergenerational Instability of the CGG Repeat 
Full fragile X mutations were shown to be generated only during maternal 
transmission and the chances of generating a full mutation increased with increasing 
size of the premutation (Fu et al. 1991; Heitz et al. 1992; Ashley-Koch et al. 1998). 
This parental bias for transition from a premutation to a full mutation and the 
discovery of an intergenerationally unstable mutation resolved the Sherman paradox. 
To emphasise that this novel type of mutation has a higher risk of undergoing further 
mutation than the original mutation, Richards and Sutherland (1992b) introduced the 
term 'dynamic mutation'. - - - 
13.1.1.4 Somatic Instability of the CGG Repeat 
A strong indication of somatic (mitotic) instability of the CGG repeat was the 
identification of fragile X males and females with mosaicism, i.e. the coexistence of 
the methylated full mutation and an unmethylated premutation (Knight et al. 1992; 
Wohrle et al. 1992a). No familial bias for such mosaicism was detected in a study of 
148 affected fragile X males of which 41 % were mosaics (Nolin et al. 1994). Devys 
et al. (1992) found matching mosaicism in a pair of monozygotic (MZ) twins and 
therefore proposed that a postzygotic transition from premütation to full mutation had 
to be restricted to a few cell divisions after formation of the zygote. However in 
another study Kruyer et al. (1994) detected discordant mosaicism in a pair of MZ 
twins with fragile X syndrome suggesting that matching mosaicism does not apply to 
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all cases of MZ twins. Evidence is mounting that different degrees of mosaicism may 
be a cause of the variation in penetrance of fragile X syndrome (Mueller et al. 1995). 
Interestingly, Loesch et al. (1995) found a lower incidence of full expansions 
in mother-to-daughter transmissions as opposed to mother-to-son transmissions and 
concluded that it is the sex of the offspring rather than that of the transmitting parent 
which determines CGG expansion. The authors proposed that this sex-bias may be 
due to interaction between a normal and a mutated X chromosome in the female 
zygote. 
1.3.1.1.5 Timing of the CGG Repeat Expansion Event 
The exact timing of the transition from a premutation to a full mutation is still 
unknown. Initially, the observation of maternal bias strongly favoured transition 
during oogenesis (Morton and Macpherson, 1992). However, the observation of 
premutated sperm in males with a full mutation by Reyniers et al. (1993) soon 
favoured postzygotic transition. These authors also found daughters of fathers with a 
full mutation who had inherited a premutation. At the same time Wohrle et al. (1993) 
showed that mitotic instability of the fragile X mutation was not permanent 
concluding that any postzygotic transition had to take place very soon after formation 
of the zygote. 
For such a postzygotic expansion mechanism to work one would have to 
assume some imprint which would discriminate between a paternal chromosome with 
a premutation and a maternal chromosome with a premutation with the effect that 
only the latter is transformed into full mutation. Thus far, such a discriminating signal 
has remained unproven. Moreover, molecular data later collected by Malter et al. 
(1997) showed that the fmd of premutation sperm in a full mutation foetus was not 
necessarily an indication of a postzygotic transition event. In the testis of a 13-week 
foetus with a full mutation they found no sign of a premutation while in a 17-week 
foetus with a full mutation they did find a premutation in some germ cells. Therefore, 
they proposed that the transition in a full mutation foetus with premutated sperm 
could have occurred during oogenesis which was then followed by a postzygotic full 
mutation contraction in the male germline. Also a very early postzygotic transition 
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prior to germ line segregation is plausible if one agrees that in the foetus the male 
germline is not protected from full mutation. 
Two recent reports also favour prezygotic expansion of the premutation. 
Based on a simulation Moutou and colleagues (1997) propose that expansion of 
premutation to full mutation occurs during meiosis. However, they explain the 
presence of premutation sperm in affected foetuses with the selection against full 
mutations in the male germline due to late replication of full mutation chromosomes. 
As Bachner et al. (1993) had argued before, the lack of FMRP in full mutation 
spermatogonia may give premutation spermatogoma an additional selective advantage 
in reaching meiosis. 
1.3.1.1.6 Factors that Affect the Stability of the CGG Repeat 
The analysis of normal alleles that were stable and mutated alleles that were 
unstable revealed that the length of the repeat tract directly correlated with its 
stability. However, Kunst and Warren (1994) then noticed linkage disequilibrium and 
suggested that CGG repeat tracts on certain normal haplotypes may preferentially 
expand to fragile X mutations. They found that normal haplotypes with more than 24 
3' CGG repeats (approx. 2 % of normal alleles) were overrepresented among fragile 
X haplotypes. Usually, normal FMRJ alleles contain a short CGG repeat (6-53 CGG 
copies) with occasional AGG triplets. The loss of such AGG interruptions, either by 
AGG deletion or by an A - C transition may destabilise a normal allele and 
predispose it to gradual expansion (Hirst et al. 1994). Eichler and colleagues (1994; 
1995) noticed that AGG triplets were preferentially lost at the 3' end of the repeat and 
observed that if the length of the pure CGG repeat stretch increased beyond the 
instability threshold (34-37 CGG copies) the repeat could expand into the premutation 
range (> 53 CGG copies) and eventually become a full mutation. Studying sperm of 2 
donors Kunst et al. (1997) confirmed the preference of expansions and contractions at 
the 3' end of the repeat array. Zhong et al. (1995) proposed that the interspersions 
stabilise the repeat because they may serve as an anchor and therefore prevent DNA 
slippage should the newly synthesised strand dissociate from the template during 
replication of the repeated sequence. Confirmatory evidence of a stabilising role of 
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AGG interruptions came recently from a study by Falik-Zaccai et al. (1997) who 
described a new FMR1 haplotype in the normal Tunisian Jewish population of Israel 
which completely lacks AGG interruptions. Interestingly, this haplotype accounts for 
all cases of fragile X syndrome among Jews with Tunisian ancestors. 
Recently, Gunter et al. (1998) reported the discovery of a single nucleotide 
polymorphism (AIG) in the first intron of the FMR1 gene. Interestingly, they found an 
over-representation of the G-allele among fragile X chromosomes (83 % of full 
mutation alleles versus 40 % of normal alleles). 
1.3.1.1.7 Lack of FMRP Causes Fragile X Syndrome 
The FMRJ gene codes for FMRP, a cytoplasmatic protein (Verheij et al. 
1993) with two conserved RNA-binding domains (Ashley, Jr. et al. 1993). In fragile 
X patients with expanded CGG repeats FMRJ gene expression is suppressed due to 
hypermethylation (Pieretti et al. 1991; Ashley, Jr. et al. 1993). Even before the 
fragile X mutation was discovered Bell et al. (1991) noticed an association between 
hypermethylation at the FRAXA site and fragile X syndrome. Even though these 
authors did not see a correlation between the degree of methylation and the severity 
of symptoms of fragile X syndrome, McConkie-Rosell et al. (1993) later presented 
such cases. 
FMRJ-knockout mice show failure of synaptic maturation (Comery et al. 
1997) leading to immature spine morphology that has also been observed in patients. 
Weiler et al. (1997) showed that FMRP expression is synaptically regulated and 
proposed that it may be responsible for dentritic spine maturation. However, the 
function of FMRP in this process is still unclear. Feng et al. (1997) recently showed 
that FMRP is a selective mRNA binding protein that associates with elongating 
ribosomes via large ribonucleoprotein (mRNP) particles. They concluded that in the 
absence of FMRP the partial translation of these specific mRNAs by alternative 
mRNPs may be abnormally regulated and/or localised. 
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1.3.1.2 X-Linked Non-Specific Mental Retardation (FRAXE) 
Sutherland and Baker (1992) observed expression of FRAXE, a rare folate-
sensitive fragile site approximately 600 kb distal to FRAXA, in some patients who 
display symptoms of fragile X syndrome but lacked the FMRJ mutation. When Knight 
et al. (1993) cloned the FRAXE site they showed that it contained a CGG repeat 
adjacent to a CpG island and subsequent sequence analysis revealed between 4 and 39 
CGG copies in normal individuals and long CGG repeat tracts with more than 200 
CGG copies in mentally retarded patients (Knight et al. 1994). 
In the same issue of Nature Genetics two teams (Gu et al. 1996; Gecz et al. 
1996) reported the identification of the fragile site mental retardation-2 (FMR2) gene. 
The authors showed that this novel gene contained the unstable CGG repeat. In 
contrast to the FRAXA repeat, this CGG repeat was shown to contain no 
interruptions (Zhong et al. 1996). In a large survey including more than 900 
individuals Brown et al. (1997) detected an association between expanded FMR1 
alleles and larger FMR2 alleles and concluded that CGG expansion in FMRJ may be 
associated with deletions or instability in FMR2 suggesting the possibility of a link 
between FRAXA and FRAXE repeat sizes. Although  the examination of 300 mentally 
delayed males without a mutation in FMRJ did not expose a single FRAXE expansion 
(Allingham-Hawkins and Ray, 1995) several other studies have provided data which 
strongly suggest a link between FRAXE and some degree of mental impairment 
(Mulley et al. 1995; Barnicoat et al. 1997; Mila et al. 1997). The 22 exons of the 
FMR2 gene extend over approximately 500 kb. It codes for several isoforms of a 
nuclear protein with DNA-binding capacity and transcription transactivation potential 
(Chakrabarti et al. 1996; Gu et al. 1996; Gecz et al. 1997). Methylation of the 
FMR2-associated CpG island was shown to downregulate transcription probably 
leading to mild mental retardation. However, the mildness and rarity of FRAXE 
mental retardation has made it difficult to establish a firm genotype-phenotype 
relationship and at least two cases of cytogenetically positive, fully methylated males 
who did not express FMR2 but were unaffected have been described (Carbonell et al. 
1996; Gecz et al. 1997). These and other cases have been attributed to mosaicism 
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and possible tissue-specific variation in methylation (Knight et al. 1994; Gecz et al. 
1997) 
1.3.1.3 FRAXF 
FRAXF, a third folate—sensitive X—Iinked fragile site, was originally described 
by Hirst et al. (1993). It was soon shown that, like FRAXA and FRAXE, FRAXF 
also contained an expanded methylated CGG repeat (Parrish et al. 1994). In fact, 
cloning of the FRAXF site revealed a polymorphic (GCCGTC)(GCC) array (Ritchie 
et al. 1994). Three copies of the hexanucleotide and a polymorphic CGG repeat 
stretch with 6 to 29 copies were identified in most unaffected individuals. Ritchie. et  
al. (1994) reported a cytogenetically positive boy with developmental delay who had 
an expanded CGG repeat with more than 900 trinucleotides. FRAXF-positive females 
with expanded CGG repeats have also been described (Hirst et al. 1993). Other 
reports did not fmd a direct genotype-phenotype correlation and have indicated that, 
similar to FRA16A, expression of FRAXF may not be associated with mental disorder 
(Parrish et al. 1994). Although no affected gene has yet been identified at the FRAXF 
site, it is likely that similar to downregulation of the FMRJ and FMR2 genes 
hypermethylation of a FRAXF associated CpG island may affect the expression of a 
nearby gene. In the same region on the X-chromosome, Richtie et al. (1997) recently 
identified a novel unstable CGG repeat implying yet another folate-sensitive fragile 
site. 
1.3.1.4 CGG Repeats and Poly(Ala)-Diseases 
1.3.1.4.1 Oculopharyngeal Muscular Dystrophy 
Oculopharyngeal muscular dystrophy (OPMD) is a late-onset autosomal 
dominant disorder characterized by an increasing difficulty in swallowing, progressive 
eyelid drooping and weakness of head, neck as well as distal muscles (Victor et al. 
1962). Brais and colleagues (1995; 1998) mapped the OPMD mutation to 14q1 1.2-
q 13 and later identified a novel gene, termed PABP2 by them, which codes for the 
poly(A)-binding protein 2 (PABP2). Within the coding region of this novel gene they 
found a short CGG repeat consisting of 6 trinucleotides in normal individuals and of 8 
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to 13 CGG copies in affected individuals. The (CGG) 7 repeat was found to act as 
recessive mutation or as a polymorphism that modifies the severity of the phenotype. 
Homozygous carriers of (CGG) 9, the most frequent OPMD mutation, had early-onset 
OPMD whereas heterozygous carriers of (CGG) 9 had late-onset progressive muscular. 
dystrophy. Two (CGG) 7 alleles led to autosomal recessive OPMD while compound 
heterozygotes with (CGG)9 and (CGG) 7 alleles were more severely affected than 
individuals with (COG) 9 and (CGG) 6 alleles. The short CGG repeats were quite stable 
upon transmission. Only one expansion of a (CGG) 9 allele to a (CGG) 12 allele was 
observed in 598 meioses. 
The authors showed that the trinucleotide repeat is translated into a 
polyalanine tract and proposed a role in polymerisation of PABP2 conferring 
resistance to enzymatic degradation. They showed that PABP2 accumulated in 
nuclear filaments and that the speed of filamentation was influenced by the proportion 
of mutant PABP2 in the cell. The extent of filament formation appeared to determine 
the severity of OPMD phenotype. 
1.3.1.4.2 Other Poly(AIa)-Diseases 
Expanded polyalanine tracts in the HOXD13 gene (Muragaki et al. 1996; 
Akarsu et al. 1996) and the CBFAJ gene (Mundlos et al. 1997) have been found in 
families with synpolydactyly and an atypical form of cleidocranial dysplasia, 
respectively. However, it should be noted that the polyalanine tracts in the HOXD13 
and CBFAJ genes are encoded by cryptic' GCN repeats not by perfect trinucleotide 
repeats and Warren (1997) proposed that expansion may have occurred by unequal 
crossing over. 
1.3.1.5 Animal Models of CGG Repeat Expansion Diseases 
1.3.1.5.1 The Murine Fmr-1 Gene and Gene Expression 
The sequence of the FMRJ gene, including the COG repeat, is highly 
conserved among several species of mammals (Eichler et al. 1995). For example, the 
murine FMRJ homologue, Fmr-1, has 95 % DNA sequence homology to the human 
FMRI gene (Ashley et al. 1993). Price et al. (1996) showed that the chicken FMRI 
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gene, although otherwise highly conserved (85-92 %), did not contain a CGG repeat; 
but had a CCT repeat instead. The authors proposed a possible functional importance 
of the- repetitive sequence at that position since alignment of the human, mouse and 
chicken FMRJ homologues revealed nine consecutive cytosines separated by a 
variable dinucleotide within the two different trinucleotide repeats. 
The murine Fmr-1 gene was found in a region of the X chromosome that 
appears highly conserved between human and mouse (Laval et al. 1992) yet no 
fragile site was detected on the murine X chromosome. By mRNA in situ 
hybridisation, Hinds et al. (1993) detected ubiquitous Fmr-1 expression during early 
embryogenesis while in the adult mouse Fmr-1 expression was found to be restricted 
to the brain and tubules of the testis. Interestingly, brain and testis were primarily 
affected organs in patients with fragile X syndrome. Fmr-1 knockout mice displayed 
macroorchidism, learning deficits and hyperactivity due to the lack of Fmr- 1 protein 
(The Dutch-Belgian Fragile X Consortium, 1994). More transgemc fragile X mouse 
models have been constructed by several teams to study the phenotype and the 
physiological function of FMRP (Kooy et al. 1996; Slegtenhorst-Eegdeman et al. 
1998; Oostra and Hoogeveen, 1997). 
1.3.1.5.2 Mouse Models of Intergenerational CGG Repeat Instability 
In the most recent attempt to study the mechanism of CGG repeat instability 
in transgenic mice, Lavedan et al. (1998) found that even a 
[(CGG) 9AGG(CGG) 1 2 AGG(CGG)97 ] repeat, containing the longest uninterrupted 
CGG repeat stretch so far in a transgene, was remarkably stable in their transgenic 
mice. (The authors noted that in humans the same repeat would have a probability of 
expansion of nearly 100 %). They confirmed former reports of stably transmitted 
[(COG) 1 1 AGG(CGG) 60CAG(CGG) 8] repeats (Lavedan et al. 1997) and 
[(CGG) 22TGG(CGG)43TGG(COG) 21 ] repeats (Bontekoe et al. 1997) over several 
generations of transgenic mice. 
Such results have raised the question whether repeat instability could in fact be 
a human-specific phenomenon. However, such speculation has been weakened by 
reports in other mammalian species of folate-sensitive fragile sites (Yunis and Soreng, 
20 
ChaDter 1 Introduction 
1984; Uchida et al. 1986), unstable repetitive sequences such as the hypervariable 
pentanucleotide repeat ms6-hm in mouse (Weitzmann et al. 1998) and unstable 
minisatellites (Jeffreys et al. 1987; Kelly et al. 1989). Instead transgenic experiments 
may have highlighted that instability is not simply due to intrinsic properties of a long 
CGG repeat tract embedded in its immediate natural flanking sequence, but may also 
be affected by cis- and trans-acting factors, such as DNA sequence, chromatin 
structure, nearby hot-spots of meiotic recombination, origins of replication and 
transcription initiation sites. 
1.3.2 CAG Repeat Expansion Diseases 
1.3.2.1 Huntington's Disease 
1.3.2.1.1 Identification of the Affected Gene 
Huntington's disease (HD) is an autosomal dominant disorder that is 
characterised by progressive localised neuronal death leading to choreic movements 
and dementia. In 1993, the Huntington's Disease Collaborative Research Group, 
which- consisted of 58 scientists working in six laboratories, identified a new gene on 
chromosome 4pl6.3. This gene was originally termed 1T15 (for interesting transcript 
15) and later renamed Huntington's disease (HD) gene. In an initial study of 75 HD 
families the Collaborative Research Group isolated an unstable CAG repeat in the 
coding sequence of the HD gene on a variety of 4pl6.3 haplotypes. Unaffected 
individuals were found to have between 9 and 35 CAG copies, those with> 29 CAG 
copies being considered intermediate alleles (Goldberg et al. 1993). The length of the 
repeat on HD chromosomes varied between 36 and 121 CAG copies (Duyao et al. 
1993; Kremer et al. 1994). Ambrose et al. (1994) showed that the HD gene consists 
of 67 exons spanning 180 kb with no obvious homology to other genes. 
1.3.2.1.2 The Phenomenon of Incomplete Penetrance 
A large study of individuals with 30 to 40 CAG copies revealed incomplete 
penetrance of HD chromosomes with 36 to 39 CAG copies (Rubinsztein et al. 1996). 
In other words, most individuals with 36 to 39 repeats suffered from HD while some 
elderly persons with 36 to 39 CAG copies did not show symptoms of the disease. 
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1.3.2.1.3 Anticipation in HD 
Several studies revealed pronounced anticipation in HD families as well as an 
inverse correlation between the length of the CAG repeat and the age at onset 
(Trottier et al. 1994; Ranen et al. 1995; Brinkman et al. 1997). Still, the length of 
the CAG repeat accounted for only 50 % to 61 % of the variability in the age at onset 
(Snell et al. 1993; Novelletto et al. 1994). For CAG repeats with fifty or fewer CAG 
copies, CAG repeat length accounted for a mere 10 % to 20 % of the variation in the 
onset age (Duyao et al. 1993; Stine et al. 1993). The existence of additional familial 
risk factors that affect. the age at HD .onset has therefore been widely discussed 
(Kremer et al. 1993; Snell et al. 1993; Claes et al. 1995). One of the most 
impressive examples came from Rubinsztein and co-workers (1997) who found that 
the association of HD alleles with certain (TAA) n  polymorphism5 in the 3 untranslated 
region of the glutamate receptor 6 (GIuR6) gene (Paschen et al. 1994) accounted for 
more than 13 % of the previously unexplained variance in the age at HD onset. 
GluR6-mediated excitotoxicity had previously been implied in the pathogenesis of HD 
by Wagster et al. (1994). In the same study Rubinsztein et al. (1997) did not fmd that 
certain apolipoprotein E (APOE) alleles, which have been shown to affect the 
progression of Alzheimer's disease (Hardy, 1995) and a number of other neurological 
diseases, such as schizophrenia (Harrington et al. 1995) and Creutzfeldt-Jakob 
disease (Pickering-Brown et al. 1995), affected the age at HD onset. 
1.3.2.1.4 Germline Instability of the CAG Repeat 
Intergenerational instability of expanded CAG repeats in the HD gene was 
shown to be high [- 70 % to 80 % (Duyao et al. 1993; Zuhlke et al. 1993)] and is 
influenced by the sex as.well as the length of the CAG repeat of the parent (Lucotte et 
al. 1997). Upon paternal transmission the CAG repeat was found to be more unstable 
with a stronger bias toward expansion than upon maternal transmission explaining 
why juvenile onset HD was mainly inherited from the father (Trottier et al. 1994). 
Single-sperm analysis demonstrated the strong influence of repeat length on 
instability: 0.6 % of (CAG) 18 alleles had contracted whereas 92 % to 98 % of 
Paschen etal. (1994) found four TAA repeat alleles in the normal population with an observed heterozygocity 
of 45%, 
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(CAG) 3851 alleles had undergone length changes with an increasing tendency toward 
expansion (Leeflang et al. 1995). 
1.3.2.1.5 Somatic Instability of the CAG Repeat 
Unlike the CGG repeat in fragile X syndrome, the CAG repeat in the HD gene 
is somatically stable strongly suggesting that expansion occurs during gametogenesis. 
This has been supported by the observation of identical CAG repeat lengths in MZ 
twins (MacDonald et al. 1993) and the absence of somatic mosaicism in HD patients 
(Zuhlke et al. 1993). However, Telenius et al. (1994) observed some somatic 
mosaicism in severely degenerated regions of the HD brain whereas mosaicism in 
usually unaffected regions was minimal. Also DeRooij et al. (1995) observed slightly 
increased CAG repeat instability in brain of affected patients compared to blood, but 
noted that no one brain region was particularly affected. When Benitez et al. (1995) 
did not detect somatic instability of (CAG) 42 and (CAG) 44 repeats in 11-week and 12-
week old affected foetuses, respectively, they suggested that CAG repeat expansion in 
mildly and severely affected brain regions of HD patients may be a consequence rather 
than the cause of neuronal cell degeneration. 
1.3.2.1.6 Predisposing HD Haplotypes? 
Separated from the CAG repeat by only a few base pairs lies a polymorphic 
CCG repeat whose length varies between 7 and 12 CGG copies. Rubinsztein et al. 
(1993ab) found that most western HD chromosomes were associated with the 
(CCG)7 repeat whereas Masuda et al. (1995) identified the (CCG) 1 0 repeat on most 
Japanese HD chromosomes indicating distinct origins of the HD mutation in these 
populations. No correlation between the number of CCG copies and the age at onset 
was found in a study involving 84 HD patients though it revealed a significant 
decrease in age at onset in the presence of the A2642 polymorphism 6 (Vuillaume et al. 
1998). Another study of 293 HD chromosomes, however, did not confirm the latter 
(Rubinsztein Ct al. 1997). Data obtained from the analysis of the HD loci in several 
human and primate populations suggested to Rubinsztein et al. (1994) that human 
6  ,2642 is a insertion/deletion polymorphism starting atcodon 2642. The deletion allele codes for 3 glutamines 
while the insertion allele codes for four glutamines (Ambrose et at. 1994). 
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alleles may have gradually expanded from shorter primate alleles. They put forth a 
model based on a purely length-dependent mutational bias toward expansion 
predicting a steady increase in HD in the human population. 
1.3.2.1.7 The Origin of Sporadic HD 
Sporadic HD cases are rare and have been shown to arise from new HD 
mutations on 'intermediate' alleles which carry 29 to 35 CAG copies (Goldberg et al. 
1993; Myers et al. 1993; Goldberg et al. 1995). Goldberg et al. (1995) and Chong et 
al. (1997) found that such intermediate alleles from families with sporadic HD 
displayed a higher rneiotic instability than those of identical size from the general 
population. When Chong et al. (1997) went on to sequence intermediate HD alleles, 
they found no differences in CCG repeat length and the A2642 polymorphism, but 
discovered two point mutations in the 12-bp sequence which separates the CAG 
repeat from the polymorphic CCG repeat. One mutation was from a family with a new 
HD mutation and the other came from the general public. In both cases two A - G 
mutations had converted the interrupted repeat (CAG)CMCAGCCGCCA(CCG) 
into an uninterrupted repeat tract (CAG)(CCG) and thus destabilised it. The authors 
found that the stabilising effect of the interruption was particularly clear in another 
case from the general public where an interrupted repeat with 35 CAG copies was 
more stable than an uninterrupted repeat with 31 CAG copies. This effect may be 
comparable with the stabilising effect of AGG interruptions in the CGG repeat of the 
FMRlgene described above. 
1.3.2.1.8 How Does CAG Repeat Expansion Cause Huntington's Disease? 
Western blot analysis showed that the HD gene product, huntingtin, is present 
in a wide variety of tissues with the highest level in brain and testis (Ambrose et al. 
1994; Sharp et al. 1995; Trottier et al. 1995a). Trottier et al. (1995a) showed that 
both normal huntingtin and mutant huntingtin could be detected in patients who were 
heterozygous for the HD mutation indicating that the expanded repeat tract does not 
interfere with transcription or translation of the HD gene. A neurotoxic gain-of-
function caused by the expanded polyglutamine tract• has been proposed for the 
mutant protein (Aronin et al. 1995; Trottier et al. 1995a; Gutekunst et al. 1995; 
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Housman, 1995). Despite the numerous effects of the expanded CAG repeat on RNA 
and protein level that have thus far been identified, the selectivity of neuronal cell 
death -in HD has remained largely unclear. A role for huntingtin in the control of 
apoptosis was suggested by several groups (Zeitlin et al. 1995; Nasir et al. 1995; 
Portera-Cailliau et al. 1995). Goldberg et al. (1996b) showed that in vitro huntingtin 
is indeed cleaved by a pro-apoptotic cysteine protease, caspase-3 (apopain), and this 
cleavage is modulated by the polyglutamine tract. A role of huntingtin in apoptosis 
was further supported by the observation of embryonic lethality and increased 
apoptosis in mice that were homozygous for a HD gene interruption (Zeitlin et al. 
1995; Nasir et al. 1995). However, Goldberg et al. (1996b) pointed out that apopain 
is widely expressed in all brain regions and therefore cannot explain the selective 
neuronal death in HD. 
Another indication that the mutation was acting on the protein level came 
from Li et al. (1995) who demonstrated that the binding of rat huntingtin-associated 
protein-i (HAP1) to huntingtin is enhanced in the presence of an expanded 
polyglutamine stretch in mutant huntingtin. They also identified a human HAP-like-
protein (HLP) and another huntingtin-associated protein (HAP). Li et al. (1998) went 
on to clone and characterise the HAP gene, the human homologue of rat HAP] gene. 
As for HAP 1, they found that interaction between human HAP and huntingtin is 
enhanced by an amplified polyglutamine stretch in mutant huntingtin and that the level 
of both proteins was reduced in brain of HD patients. Besides huntingtin, rat HAP1 
was shown to interact with certain cytoskeleton proteins, and Engelender (1997) 
suggested a possible role for huntingtin in vesicle trafficking in the cell. Moreover, 
interaction of huntingtin with various other proteins, such as three WW-domain 7 
proteins (Faber et al. 1998) and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; Burke et al. 1996) has been shown. 
HD pathogenesis could also be caused by an interaction between a neurone-
specific protein and the mutant HD-transcript. Evidence for this idea came from 
McLaughlin et al. (1996) who identified two proteins, one 63 kD the other 49 kD, 
WW domain is a protein motif that consists of 35 to.40 amino acids and is characterized by 4 conserved 
aromatic residues, of which two are tryptophan 
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from rat brain and later also from human cortex and striatum that bind specifically to 
CAG repeat containing RNA. Protein binding increased with the number of CAG 
copies present in the RNA. However, conclusions drawn from Goldberg et al. 
(1996a)'s transgenic mice which produce transgenic mRNA, but fail to produce the 
HD phenotype (see below 1.3.2.1.9 Mouse Models of HD) argue against an 
interaction between expanded RNA and protein. When Cariello et al. (1996) 
measured the level of transglutaminases in the lymphocytes they found that it 
increased with age in HD patients while it decreased with age in unaffected 
individuals. That, normally, TGases catalyse crosslinking of glutamines within and 
between proteins led these authors to suggest that huntingtin-TGase interaction may 
be a factor affecting the onset of HD. 
1.3.2.1.9 Mouse Models of HD 
Goldberg et al. (1996a) generated the first transgenic HD mice. They carried 
an HD transgene with 44 CAG copies which was found to be both intergenerationally 
and somatically.  stable. Although these mice produced transgenic mRNA, they lacked 
the transgene-encoded protein and failed to produce the typical HD phenotype, 
demonstrating that interaction between expanded mRNA and another cellular factor is 
an unlikely mechanism in HD pathogenesis (see above). In transgenic mice that 
expressed mutant huntingtin with poly(GIn) 115  to 156 Davies et al. (1997) observed 
accumulation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites. 
Similar observations were recently made for the human HD brain and it was suggested 
that such aggregates may play a role in neurodegeneration (DiFiglia et al. 1997; 
Sisodia, 1998). To generate new transgenic HD mice Mangiarini et al. (1996) used a 
1.9-kb genomic fragment of the human HD locus including exon 1 which harboured 
very long CAG repeats (116, 142, 144 copies). These mice showed age-dependent 
repeat expansion in numerous tissues, particularly in liver, kidney; striatum and 
cerebral cortex. Contractions which are typically found in the human cerebellum were 
absent. They also detected intergenerational instability in the transgenic mice carrying 
the (CAG) 144 repeat. Increases in repeat length by up to 10 trinucleotides were 
observed upon paternal transmission. The authors noted that the observation of repeat 
instability in three of their constructs indicated that possible cis-acting factors must 
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have been included in the 1.9-kb genomic fragment that was transferred from the 
human HPJ'cus. Their absence from cDNA constructs used elsewhere may explain 
repeat stabh :y observed in other studies. Since the (CAG) 141 repeat was stable during 
meiosis and mitosis in the mouse in which the transgene was not expressed the 
authors raised the possibility that transcription may be required for instability. 
More recently Wheeler et al. (1999) generated HD knock-in mice which 
carried up to 109 CAG copies in the first exon of the mouse Hdh gene. Changes in 
repeat length were observed in 70 % of meioses, as compared to 2 % of meioses for a 
(CAG)48 repeat. Like Mangiarini et al. (1996) these authors fOund pronounced 
somatic instability in liver and in striatum. Intergenerational instability was more 
obvious upon maternal transmission [41 % versus 69 % for (CAG) 90 and 66 % versus 
87 % for (CAG) 109]. A similar effect of maternal transmission was observed in mice 
with 82 CAG copies in SCA] transgenes (Kaytor et al. 1997). In addition to higher 
repeat instability upon maternal transmission, Wheeler et al. (1999) observed a 
parental-sex effect on the direction of change. They found that expansions by a single 
repeat unit were favoured upon paternal transmission whereas contractions by one to 
six copies dominated upon maternal transmission. Although CAG repeat instability 
was clearly demonstrated in Wheeler et al. s mice, the CAG repeats were much more 
stable than they would have been in humans. For example, the authors pointed out 
that the (CAG) 48 repeat would have a > 80 % probability of change in humans, 
compared to the 2 % observed in their transgenic mouse. However, these experiments 
showed that simply lengthening the CAG repeat was fully sufficient to induce 
instability. 
1.3.2.2 Myotonic Dystrophy 
Myotonic dystrophy (DM) is the most common form of adult muscular 
dystrophy affecting approximately 1 in 8,000 individuals (Harper, 1989). The disease 
is characterised by muscle wasting and weakness, difficulty in relaxing muscles 
(myotonia), cataracts, hypogonadism, frontal balding and electrocardiogram changes. 
Autosomal-dominant transmission of the disease is phenotypically linked to increasing 
severity and ever younger age at onset in successive generations. In general, patients 
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born to affected mothers are more severely affected than those born to affected 
fathers (Harper and Dyken, 1972). Like Huntington's disease, but in contrast to 
Machado-Joseph disease (see 1.3.2.3.2 Spinocerebellar Ataxia Type 3/Machado-
Joseph Disease), DM is a 'true dominant' disorder with homozygotes arid 
heterozygotes equally affected (Ziotogora, 1997). 
1.3.2.2.1 Identification of the Affected Gene 
In 1992, in the same issue of Nature, Harley et al. and Buxton et al. reported 
the identification of DNA fragments that were larger in patients with DM than in 
normal individuals. Increased fragment size correlated with an increase in severity of 
the disease and both groups postulated that these unstable fragments are the 
molecular basis of DM. In the same month Brook and colleagues (1992) announced 
that by positional cloning they had identified a normally polymorphic CTG 
trinucleotide repeat that is expanded in myotonic dystrophy patients. This CTG repeat 
was shown to be in the 3'-untranslated region of the myotonin-protein kinase 
(DMPK) gene (Fu et al. 1992). Extensive studies over the past seven years have 
revealed that normal individuals have 5 to 30 CTG copies, mildly affected persons 
have 50 to 80 copies while patients who severely suffer .  from DM can possess more 
than 2000 copies. In a study of 258 DM patients, Mahadevan et al. (1992) found that 
in 98 % CTG repeat expansion was the underlying mutation and that the number of 
CTG repeats correlated to some degree to the severity of DM (see also Martorell et 
al. 1995; Noveffi et al. 1995). 
1.3.2.2.2 Congenital Myotonic Dystrophy 
Cases of congenital myotonic dystrophy (CDM) appear with rare exception 
(Nakagawa et al. 1994; de Die-Smulders et al. 1997) in offspring of affected 
mothers. The basis of this sex-bias is stifi unaccounted for. Tsilfidis et al. (1992) found 
a higher than average CAG copy number in mothers of CDM patients. Harley et al. 
(1993) and Barcelo et al. (1994) suggested an additional factor in females that 
explains almost exclusive maternal inheritance of CDM. However, the comparison of 
sequences obtained from entire mitochondrial genomes of CDM patients with 
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sequences from unaffected controls has not revealed any such factor (Thyagarajan et 
al. 1991; Poulton et al. 1995). 
1.3.2.2.3 Gonosomal Instability of the DM Mutation 
1.3.2.2.3.1 Meiotic Instability 
Lavedan et al. (1993) showed sex- and size-dependent meiotic instability of 
the CTG repeat. For CTG repeats with more than approximately 170 CTG copies 
instability was strongly sex-dependent and large expansions were almost exclusively 
found upon maternal transmission. Paternally transmitted alleles with more than 500 
CTG copies had a tendency to contract. They also reported that below the size of 
approximately 170 CTG copies there was no effect of the sex of the transmitting 
parent. Jansen et al. (1994) observed that male DM patients with large expansions 
(>700 CTG copies) had smaller or similarly sized CTG repeats in sperm whose size 
never exceeded 1000 CTG copies. Moreover, Brunner et al. (1993) reported two 
cases of so-called 'reverse mutation' upon paternal transmission in which affected 
fathers with expanded CTG repeats had transmitted normal alleles to their unaffected 
offspring. O'Hoy et al. (1993) reported several cases of CTG repeat contraction upon 
transmission that had resulted in a delay in disease onset. Interestingly, in one case 
CTG repeat contraction was accompanied by the exchange of markers with the 
normal allele. Ashizawa et al. (1994) showed that intergenerational contractions in 
leukocyte DNA which occurred in 6.4 % of 1489 DM transmissions (10 % upon 
paternal and 3 % upon maternal transmissions) did not rule out anticipation especially 
if the contracted allele was inherited from the mother. 
1.3.2.2.3.2 Somatic Instability 
The combination of tissue-specific somatic and germ]ine instability of the CTG 
repeat, so-called gonosomal mosaicism, is typical for DM and CDM patients 
(Richards and Sutherland, 1992a; Jansen et al. 1994). Different tissues isolated from 
the same DM patient have been shown to contain CTG repeats of very different 
lengths (Lavedan et al. 1993). Typically, CTG repeat sizes found in muscle tissue 
were larger than those in leukocytes (Anvret et al. 1993; Martorell et al. 1995). 
Gonosomal CTG repeat expansion in male and female is thought to begin early in 
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embryogenesis and has been shown to continue throughout adult life (Jansen et al. 
1994). The timing of somatic heterogeneity was investigated in affected foetuses by 
Martorell et al. (1997) where they found that somatic instability started after 
approximately 13 weeks after gestation with tissue from the heart usually having the 
largest CTG repeats. Somatic mosaicism coupled with the involvement of several 
genes (e.g. DMPK, DMA HP, 59; see below) is thought to account for some of the 
clinical variability of the disease (Jaspert et al. 1995). 
1.3.2.2.4 Maintenance of the DM Mutation in the Human Population 
The DM mutation is maintained in the human population despite sterility in 
severely affected DM and CDM patients. Preferential transmission of the larger allele, 
so-called segregation distortion, has been invoked to partially account for the 
maintenance of DM in the human population (Carey et al. 1994; Magee and Hughes, 
1998). However, using single-sperm analysis Leeflang et al. (1995) found no 
evidence for segregation distortion during male meiosis, but they hypothesised that 
preferential transmission of the larger allele during female meiosis could still account 
for the maintenance of premutations at the DM locus in the population. 
1.3.2.2.5 DM Haplotypes and the Origin of the DM Mutation 
Extensive haplotype analyses in several geographically and ethnically distinct 
human and ape populations have addressed the question of origin and evolution of the 
DM mutation. Harley et al. (1993) and Yamagata et al. (1996) demonstrated for DM 
chromosomes in the Caucasian and Japanese populations, respectively, linkage 
disequilibrium for a two-allele Alu-insertion/deletion polymorphism 5 kb upstream of 
the DMPK gene. Chromosomes carrying (CTG) 5 and (CTG) 19 were found to be 
completely linked to the Alu(+) haplotype while (CTG) 1116 alleles were linked to the 
Alu(-) haplotype suggestive of either a single ancestral mutational event, so-called 
founder effect, or the existence of a predisposing haplotype. Imbert et al. (1993) 
proposed that a single transition of a (CTG) 5 allele to a (CTG) 1930 allele may have 
provided the pool for all new DM mutations. Confirmation for such a single ancestral 
transition came from Neville et al. (1994) who had extended the haplotype analysis of 
the DM locus to nine polymorphisms spanning 30 kb. The discovery of complete 
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linkage of the DM mutation in a Nigerian kindred (Dada, 1973; Ashizawa and 
Epstein, 1991) to a different haplotype however indicated the possibility of de nova 
DM mutations (Krahe et al. 1995). In an extensive analysis of sixteen diverse human 
populations Deka et al. (1996) confirmed complete linkage of the (CTG) 5 arid 
(CTG) 2, 19 to Alu(+) in the Caucasian and Japanese populations, but they also detected 
(CTG)5 Alu(-) alleles in several other populations including native African populations 
from which DM is practically absent. They argue for a gradual increase in CTG repeat 
size within the normal range rather than a sudden (CTG) 5 to (CTG) 2, 19 transition as 
suggested by Imbert et al. (1993). 
A model of the evolution of DM chromosomes proposed by Deka et al. 
(1996) and Chakraborti et al. (1996) suggested that (i) the (CTG) 5 Alu(+) allele is the 
ancestral haplotype, (ii) the (CTG) 5 Alu(-) allele later arose from the (CTG) 5 Alu(+) 
allele and that (iii) expansions have occurred on both Alu(-) and Alu(+) haplotypes. 
Recently a global haplotype analysis of the myotonic dystrophy locus carried out by 
Tishkoff and co-workers (1998) has opened this debate afresh. 
1.3.2.2.6 How Does the Expanded CTG Repeat Cause DM? 
1.3.2.2.6.1 The DM Mutation - a Nucleosome Assembly Site? 
Wang et al. (1994) identified the CTG repeat in the human DMPK gene as one 
of the most favoured nucleosome assembly sites in nature whose strength intensifies 
with increasing repeat length, possibly repressing transcription (see also 1.4.1.4 
Toroid DNA, Nucleosome Assembly and Chromatin Structure). However, Godde et 
al. (1996) later questioned the significance of this observation when they found that as 
few as six CTG trinucleotides facilitate nucleosome assembly to a similar extent as 
expanded CTG repeats on DM chromosomes. 
1.3.2.2.6.2  Interaction Between Mutant ,nRNA and Cellular Proteins 
The CTG repeat in the DMPK gene codes for CUG in the mRNA and Wang 
et al. (1995) showed that in DM patients the levels of mature mRNA of both normal 
and mutated DMPK mRNAs are dramatically reduced and proposed that this may be 
the first example of a dominant-negative mutation displayed on the RNA level. 
Timchenko et al. (1996a; 1996b) identified and characterised two nuclear 
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polyadenylated RNA-binding proteins, CUGBP1 and CUGBP2. They demonstrated 
that both proteins are hyper- and hypophosphorylated forms of the CUG-binding 
protein CUGBP, which is encoded by the hNAB50 gene. 
Roberts et al. (1997) demonstrated that in normal cells the phosphorylated 
form of CUGBP (CUGBP1) was present in the cytoplasm while increased level of the 
hypophosphorylated second form of CUGBP (CUGBP2) were found in the nucleus of 
DM cells. On the basis of these observations they recently suggested the following 
scenario: Cytoplasmic CUGBP1 binds to the CUG repeat sequence of DMPK mRNA 
and so interferes with DMPK mRNA processing. Sequestration of CUGBP also 
interferes with processing of other CUG repeat containing mRNAs leading to reduced 
levels of DMPK and other proteins in the cell. Insufficient levels of DMPK reduce 
CUGBP phosphorylation so that hypophosphorylated CUGBP2 accumulates in the 
nucleus. Increasing levels of CUGBP2 in the nucleus lead to the accumulation of 
CUG containing mRNAs (e.g. DMPK mRNA) in the nucleus. Carango et al. (1993) 
who studied the effect of the CTG repeat on expression of the DMPK gene by reverse 
transcription/polymerase chain reaction (RTIPCR) found that reduced levels of 
matured DMPK transcripts were due to both reduced levels of primary DMPK 
transcripts and deficiency in transcript maturation. 
1.3.2.2.6.3 The DM Mutation Affects Genes in the Vicinity of the DMPK Gene 
Besides DMPK, two other genes have been implicated in DM. Boucher et al. 
(1995) identified the DM locus-associated homeodomain protein (DMAHP) gene 
which is expressed in skeletal muscle, heart and brain. The expanded CTG repeat in 
the 3' UTR of the DMPK gene was shown to interrupt a transcription enhancer for 
the DMAHP gene, thus reducing DMAHP levels in the cells in which it is usually 
expressed (Kiesert et al. 1997). Jansen et al. (1992) identified a third gene, termed 59 
gene, that also appears to be affected by the DM mutation. The 59 gene is the human 
homologue of the murine DM-related N9 (DMR-N9) gene whose transcripts were 
detected particularly in brain (Shaw et al. 1993) and testis (Jansen et al. 1995). The 
59 gene has therefore been invoked to explain mental and testicular symptoms in 
CDM and severe cases of DM. 
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1.3.2.2.7 Animal Models of DM 
Transgemc mice have been constructed to study the role of DMPK by 
overexpressing the human DMPK gene and interrupting the endogenous Dmpk gene 
(Jansen et al. 1996; Benders et al. 1997; Reddy et al. 1996). Some prominent 
features of DM were reproduced in these mice, but it was concluded that simple loss 
or overexpression of DMPK was not the only consequential factor in DM. Transgenic 
mice carrying long CTG repeat constructs were used to study the causes of 
gonosomal CTG repeat instability. Mice carrying the 3' UTR of the DMPK gene 
mcluding a (CTG) 162 repeat were analysed by Monckton et al. (1997). Gourdon et al. 
(1997) at the same time used larger constructs spanning 45 kb including the entire 
DMPK gene and a (CTG) 55 repeat. Both teams reported intergenerational germline 
instability and somatic instability of the CTG repeat. Somatic instability was evident in 
brain, kidney and pancreas of adult mice while it was absent from leukocytes and 
young mice (Lia et al. 1998). As for DM patients somatic instability persisted 
throughout adult life. 
Interestingly, Lia et al. (1998) found that tissue-specific differences in repeat 
instability did not correlate with tissue-proliferation (i.e. replication) or transcription 
indicating that CTG repeats are also unstable in non-dividing cells. The authors 
pointed out that. these fmdings may help to fmd an explanation for the effect of 
maternal age on the transmitted CTG repeat length. 
1.3.2.3 Autosomal Dominant Cerebellar Ataxias (ADCAs) 
Typical families with hereditary ataxias have been known for more than 
hundred years. ADCAs form a genetically (and phenotypically) heterogeneous group 
of autosomal dominant disorders that all affect the central nervous system (CNS). In 
the past five years the genes affected in spinocerebellar ataxia (SCA) of types 1, 2, 3, 
6, 7 and 8 as well as the gene associated with dentatorubral-paffidoluysian atrophy 
(DRPLA) have been cloned. Loci for SCA4, SCA5 and SCA10 have been mapped to 
1 6q22. 1, lip1 l.-q 11 and 22q 13, respectively (Table 1-1). 
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Table 1-1. List of autosomal dominant cerebellar ataxias, showing the affected gene 
or the locus the disease has been mapped to, as well as the location of the repeat 
within the gene and its length in normal and affected individuals (n.j. - not identified). 
ADCA type Gene/Locus8 Status Number of Trinucleotides 
normal mutated 
SCA1 SCAJ translated 19-38 40-8 1 
SCA2 SCA2 translated 15-29 35-59 
SCA3 MJDJ translated 13-36 68-79 
SCA4 (16q22.1) n.j. n.j. n.i. 
SCA5 (lipil-qil) n.j. n.j. n.j. 
SCA6 CACNA1A translated 6-17 21-30 
SCA7 SCA7 translated 4-35 37 to >200 
SCA8 SCA8 untranslated 16-37 107-127 
SCA10 (22q13) n.j. n.j. n.j. 
DRPLA DRPLA translated 7-23 49-88 
1.3.2.3.1 Spinocerebellar Ataxia Type 1 
1.3.2.3.1.1 Identification of the Affected Gene 
SCA1 is an adult-onset disorder characterized by severe degeneration of 
Purkinje cells. The genetic defect in SCA1 is the expansion of a normally polymorphic 
CAG repeat in the SCA] gene (Orr et al. 1993). This novel gene consists of 9 exons 
and spans 450 kb (Banfi et al. 1994). Unaffected individuals have between 18 and 38 
CAG copies while SCA1 patients have between 40 and 81 copies (Ranum et al. 1995; 
Goldfarb et al. 1996). The CAG repeat lies within the SCA] coding region and its 
length correlates inversely with the age of onset of SCA1 as well as with the severity 
of the disease, though additional factors such as SCA] gene expression have been 
suggested to account for variation within families (Ranum et al. 1994a). Reports of 
juvenile onset and increasingly severe progression of SCA1 in some families have 
suggested anticipation in SCA1 (Schut, 1954; Zoghbi et al. 1988). 
8  Full gene names are given at the appropriate place in the text below. 
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1.3.2.3.1.2 Germline Instability 
Expanded SCA] alleles have a higher risk of undergoing further expansion 
upon paternal transmission than upon maternal transmission (Matilla et al. 1993) 
which has been explained by the higher instability of the expanded CAG repeat in 
sperm (Chung et al. 1993; Koefoed et al. 1998). For example, in a study of 64 
persons from 19 SCAI families, alleles with 46 to 54 CAG copies were transmitted by 
mother and father in equal proportions whereas CAG repeats with more than 54 CAG 
copies were inherited by daughters and sons equally but only from the father (Jodice 
et al. 1994). However, Suzuki et al. (1995) did not fmd this paternal bias in the 
transmission of longer mutations in a group of 121 Japanese from 12 pedigrees with 
SCAI. 
A study by Chung et al. (1993) revealed that 98 % of unexpanded CAG 
repeats in the SCA1 gene have two CAT interruptions [(CAG)CAICAGCAT(CAG) 
(On et al. 1993)] while all expanded CAG repeats in the SCA1 gene are perfect. So, 
as in FRAXA and HD, the risk of trinucleotide repeat expansion in SCA1 increases 
with increasing length of a pure CAG repeat tract. Interestingly, the normal SCA] 
allele in SCA1 patients appeared to be more unstable than equally sized normal alleles 
from unaffected individuals indicating a possible interaction between normal and 
mutant alleles (Koefoed et al. 1998). 
1.3.2.3.1.3 Somatic Instability 
In addition to pronounced instability in the male germline, expanded CAG 
repeats in the SCA] gene have also been shown to expand and contract in some 
somatic tissues, such as peripheral blood and brain (Chong et al. 1995; Koefoed et al. 
1998). The expanded CAG repeats in SCA1 are longer in sperm than in peripheral 
blood (Watanabe et al. 1996). Tissue-specific mosaicism within the brain has been 
reported (Chong et al. 1995; Hashida et al. 1997), but one study exists where the 
expanded allele was stable in brain, lymphocytes and muscle of several Japanese 
SCA1 patients (Kameya et al. 1995). Because of the similarities in respect to tissue-
type and the extent of CAG repeat instability, a common mechanism has been 
suggested to account for trinucleotide repeat instability in SCA1 and HD (Chong et 
al. 1995). 
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1.3.2.3.1.4 How Does the Expanded CAG Repeat in the SCAJ Gene Cause SCA1 
The SCAJ gene consists of nine exons, seven of which make up the 5' 
untranslated region. The other two exons fall into the 3' untranslated region and the 
region that is translated into ataxin- 1 which normally has a nuclear localisation (Barifi 
et al. 1994). In contrast to wild-type ataxin-1 which localises to the nuclei of 
cerebellar Purkinje cells (Servadio et al. 1995; Skinner et al. 1997), Banfi et al. 
(1994) detected mutant ataxin-1 both in the nucleus and in the cytoplasm of cerebellar 
Purkinje cells. Cummings et al. (1998) presented evidence that aggregate formation 
was due to misfolding of mutant ataxin- 1 that could be prevented and reversed by 
overexpression of a DnaJ-chaperone. The formation of such intranuclear inclusions by 
mutant ataxin- 1 was believed to be critical for the development of SCA1 (and 
numerous other ADCAs). However, the most recent model of SCA1 pathogenesis put 
forward by Klement et al. (1999) suggests otherwise. The new model is based on their 
recent fmdings that transgenic mice carrying an expanded SCAJ gene with a deletion 
in a region that is important for aggregation showed ataxia and Purkinje cell loss in 
the absence of intranuclear inclusions. According to their model cytoplasmic ataxin- 1 
is transported into the nucleus where it undergoes a conformational change and/or 
may be bound by nuclear factors, such as the leucine-rich acidic nuclear protein 
(LANP) which is mainly found in nuclei of Purkinje cells (Matsuoka et al. 1994) and 
has been shown to interact with ataxin- 1 (Matilla et al. 1997). This change in protein 
conformation is linked to the pathogenic gain of function and initiates SCA1 
pathogenesis. The conformational change is eventually followed by the formation of 
insoluble aggregates whose significance in SCA1 pathogenesis is still unknown. 
Nonetheless Klement et al. 's transgenic mice showed that they are not required for 
SCA1 pathogenesis. 
1.3.2.3.1.5 Animal Model of SCAJ 
Banfi et al. (1996) showed that the murine Scal gene whose structure is 
similar to that of the human SCA] gene contains only two GAG trinucleotides at the 
site of the GAG repeat in the human SCA] gene indicating that a GAG repeat is not 
essential for normal ataxin- 1 function in mice. Scal expression patterns as determined 
36 
Chapter 1 Introduction 
by RNA in situ hybridisation suggested to the authors that normal ataxin-1 was 
critical for early stages of cerebellar and vertebral column development. 
SCAI transgenic mice that expressed either the normal or a mutant SCA] 
gene with 30 or 82 perfect CAG copies, respectively, were first created by Orr and 
colleagues (Burright et al. 1995). They reproduced typical pathological features of 
SCA1, such as loss of Purkinje cells and ataxia when walking, in transgenic mice with 
the expanded CAG repeat. Both transcripts were however stable in parent-to-
offspring transmissions indicating that long CAG trinucleotide repeats alone are 
insufficient for intergenerational instability in SCA1. Like Wheeler et al. (1999) Orr 
and colleagues (Kaytor et al. 1997) later detected intergenerational instability in 
newly generated transgenic mice, but only when the transgene was maternally 
transmitted. In contrast to Wheeler et al. (1999) they found that instability of the 
CAG repeat increased with maternal age. 
1.3.2.3.2 Machado-Joseph Disease/Spinocerebellar Ataxia Type 3 
Machado-Joseph disease (MJD) is an autosomal dominant disorder that was 
first described by Nakano et al. (1972) in offspring of William Machado who had 
emigratedto New England from an island in the Portuguese Azores. The same disease 
was named Joseph disease by Rosenberg et al. (1977) after an affected family in 
California that was also of Azorean origin, suggesting the possibility of a founder 
effect for MJD. Over the past twenty years however MJD has been described in 
several families that were presumably of non-Portuguese origin (Healton et al. 1980; 
Sequeiros et al. 1984; Goldberg-Stern et al. 1994). A recent ancestral analysis of 103 
Azorean MJD patients showed that more than one MJD mutation must have arrived 
from probably Portuguese mainland and supports the absence of a founder effect for 
MJD in the Azorean population (Lima et al. 1998). Besides, two distinct MJD 
haplotypes have been found on two different islands in the Azores. 
MJD is a multisystem disorder that is characterised by neuronal loss and 
gliosis in the substantia nigra and nuclei of vestibular and cranial nerves. Symptoms 
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start around the age of 40 and include ataxia, dystonia, muscle atrophy, bulgy eyes, 
loss of leg reflexes, cerebellar tremors and Parkinsonian features 9 . 
1.3.2.3.2.1 Identification of the Affected Gene in MJD and SCA3 
By screening a human brain cDNA library with a probe containing 13 CTG 
trinucleotides, Kawaguchi et al. (1994) identified a clone with a CAG trinucleotide 
repeat stretch and mapped it to 14q32.1, a locus previously assigned to MiD 
(Takiyama et al. 1993; Sequeiros et al. 1994). The Machado-Joseph disease (MJDJ) 
gene was found to contain 14 to 36 CAG copies in normal individuals and 61 and 84 
CAG copies in affected individuals (Kawaguchi et al. 1994; Maruyama et àl. 1995). 
Stevanin et al. (1994) mapped the locus for spinocerebellar ataxia type 3 
(SCA3), a clinically different ADCA, to the MJD region and Twist et al. (1995) 
suggested that both diseases may be allelic. After Kawaguchi et al. (1994) had 
identified the MJD mutation, Schols et al. (1995) and Haberhausen et al. (1995) 
analysed the MJDJ gene in 38 German SCA families and showed that, despite 
profound phenotypical differences between MJD and SCA3 patients, both diseases 
were in fact genetically identical. 
As for all previously identified TREDs, a negative correlation was determined 
between the number of CAG copies and the age at onset of MJD (Kawaguchi et al. 
1994; Takiyama et al. 1995) and SCA3 (Schols et al. 1995). 
1.3.2.3.2.2 Intergenerational Instability of the CAG Repeat and Evidence for 
Segregation Distortion 
Single-sperm analysis was carried Out by Takiyama et al. (1997) and revealed 
high instability (88-99 %) of the expanded CAG repeats (74 to 80 CAG copies) while 
no mutations were detected in 115 sperm of an unaffected individual with 14 CAG 
copies. Unlike expanded CAG repeats in leukocyte DNA the expanded CAG repeats 
in sperm (74 to 80 CAG copies) shortened with increasing length of the CAG. For 
example, 32 % of the mutant CAG alleles in an affected individual's sperm were 
longer and 60 % were shorter than the CAG repeat in leukocyte DNA. These authors 
' Resting tremor, muscular rigidity, bradykinesia, short stepped shuffling gait and postural instability are 
prominent symptoms of Parkinson disease. 
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found that paternal transmission and a çGG/GG polymorphism at the 3' end of the 
CAG repeat of the normal allele, which had been identified by Igarashi et al. (1996) 
contribute to the instability of the expanded allele during parent-offspring 
transmission. Igarashi et al. (1996) had shown that, for example, a father with tfie 
çGG polymorphism both on the expanded and on the normal allele had a 7.4-fold 
higher risk of transmitting a large expansion to his offspring than an affected mother 
with the same haplotype pattern. This risk increased dramatically to 75.2-fold if in 
addition to an expanded allele of a çGG haplotype the father had a normal allele with 
a GGG haplotype, and the authors proposed interaction between normal and mutated 
alleles during gametogenesis. 
As for DRPLA (see below) there is evidence from several studies for 
segregation distortion of expanded alleles in male meiosis (Ikeuchi et al. 1996; 
Takiyama et al. 1997). Ikeuchi et al. (1996) found that 73 % of all offspring of 
affected fathers had received the mutant allele and 62 % in DRPLA. The authors 
found no evidence for meiotic drive in female meiosis in either DRPLA or MJD. The 
subsequent analysis of 1036 single sperm from six individuals with MJD revealed an 
approximately 6:4 segregation ratio between expanded and normal alleles confirming 
previous data (Takiyama et al. 1997). However, in unaffected individuals MacMillan 
(1999) found no evidence for any bias in the transmission of normal MJD], SCA1 or 
DRPLA alleles. 
1.3.2.3.2.3 Somatic Instability of the CAG Repeat 
Somatic instability of the expanded CAG repeat in CNS and other tissues of 
MJD patients has been demonstrated though to a lesser extent than in SCA1 (Cancel 
et al. 1998). Mutant alleles were shorter in cerebellum than in other regions of the 
CNS and longer in colon and liver. Several studies reported that there appears to be 
no correlation between the extent of mosaicism and the severity of tissue degeneration 
(Schmitt et al. 1997; Cancel et al. 1998; Ito et al. 1998). 
1.3.2.3.2.4 The MJD1 Gene Codes for Ataxin-3 
The MJDJ gene codes for a protein termed ataxin-3, a cytoplasmatic protein 
of unknown function. Like huntingtin (DiFiglia et al. 1997) and ataxin-1 (Matilla et 
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al. 	1997), expanded ataxin-3 aggregates in nuclear inclusions in neurones of 
degenerating brain regions (Paulson et al. 1997; Schmidt et al. 1998). However, as 
mentioned above, the significance of such aggregates for pathogenesis has recently 
been questioned (Kiement et al. 1999). -.. 
1.3.2.3.2.5 Animal Models of SCA31MJD 
As previously shown for murine ataxin-1, a long polyglutamine stretch does 
not seem a fundamental requirement for murine ataxin-3 function. The rat MJD gene 
contains only three imperfect CAG trinucleotides at the site of the CAG repeat tract in 
the human MJDJ gene- although- human- and rat MiD genes share 88 -% ofthefr - 
sequences (Schmitt et al. 1997). 
In the first Drosophila melanogaster model of a polyglutamine-disease which 
contained a partial human MJDJ transgene, Warrick et al. (1998) reproduced late-
onset cell degeneration and nuclear inclusion formation. Although neurones were 
particularly sensitive to expression of the mutant transgene which aggregated in 
nuclear inclusions, the formation of nuclear inclusions alone was not enough to cause 
cell degeneration. 
1.3.2.3.3 Spinocerebellar Ataxia Type 2 
Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominantly inherited 
disorder that affects the cerebellum and inferior olivary nuclei. In most ethnically 
diverse populations SCA2 accounts for approximately 15 % of all ADCAs which is 
intermediate between SCA1 (6 %) and SCA3/MJD (23 %) (Geschwind et al. 1997). 
The disease is characterised by appendicular and gait ataxia, dementia, optic atrophy 
and slow saccadic eye movements. As for SCA1, Purkinje cell degeneration is 
pronounced. First symptoms usually appear between the age of 2 to 65 years, but in 
40 % of SCA2 cases onset occurs before the age of 25. Compared to SCA1 and 
MJD/SCA3 the inverse correlation between repeat length and the age at onset is 
steeper for SCA2 (Sanpei et al. 1996; Imbert et al. 1996). 
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1.3.2.3.3.1 Identification and Characterization of the Affected Gene 
Spmocerebellar ataxia in a large North-American family was shown not to be 
linked to the SCA1 locus on chromosome 6 and a new locus, designated "SCA2, 
was assigned to this type of cerebellar ataxia (Lazzarini et al. 1992). A year later,. 
linkage analysis in a large Cuban kindred assigned SCA2 to chromosome 12q23-q24 
(Gispert et al. 1993). In a large southern Italian family with spinocerebellar ataxia and 
linkage to 12q, Puist et al. (1993) noticed that onset of the disease occurred in the 
offspring 14.4 ± 7.9 years earlier than in the parent. This led the authors to suggest 
that, as in SCA1, an unstable trinucleotide repeat may underlie SCA2. Indeed, by 
Western blot analysis using monoclonal antibodies that had previously recognised 
pólyglutamine stretches in other polyglutamine-proteins such as huntingtin and TATA 
binding proteins Trottier and colleagues (1995b) identified a 150-kD candidate 
protein in the brain of a SCA2 patient, but not in an unaffected relative. At the same 
time three groups working independently (Puist et al. 1996; Sanpei et al. 1996; 
Imbert et al. 1996) announced the cloning of the SCA2 gene containing a CAG repeat 
with occasional CAA interruptions in its 5'- coding region. As in HD (Rubinsztein et 
al. 1993a), SCA1 (Banfi et al. 1994) and in spinal and bulbar muscular atrophy (La 
Spada et al. 1991), the CAG repeat was found in the first coding exon (Sahba et al. 
1998). 
Unlike other unstable trinucleotide repeats this CAG repeat was not found to 
be highly polymorphic in the normal population, in fact only two normal alleles could 
initially be identified (Puist et al. 1996). Extensive analyses of normal alleles 
confirmed moderate polymorphism (15 to 29 CAG copies) and revealed that 86 % to 
94 % of normal chromosomes had 22 CAG copies (Sanpei et al. 1996; Imbert et al. 
1996; Geschwind et al. 1997; Cancel et al. 1997). Normal alleles also have one to 
three CAA interruptions whereas expanded alleles are pure. SCA2 patients with 35 to 
59 CAG copies have been identified with most patients having 37 CAG copies. Not 
surprisingly, de novo mutations appear to be very rare in SCA2 (Geschwind et al. 
1997). 
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1.3.2.3.3.2 Intergenerational Instability of the CAG Repeat 
Expanded SCA2 alleles are more unstable during meiosis than expanded MJDJ 
alleles (Cancel et al. 1997). Unlike SCA1 and MJD, there is no significant parental 
bias in the transmission of expanded alleles in SCA2 (Lezin et al. 1996; Cancel et al. 
1997). Cancel et al. (1997) also noted that there was no influence of repeat length on 
the intergenerational instability of the repeat and Igarashi et al. (1996) implied cis or 
trans acting factors that destabilise the repeat. However, the length increase upon 
paternal transmission (+ 2.7 CAG copies) was reported to be slightly higher than the 
increase upon maternal transmission (+ 1.6 CAG copies) and another study reports 
cases of remarkable anticipation upon paternal transmission (Schols et al. 1997b). 
1.3.2.3.3.3 How Does the Expanded CAG Repeat Cause SCA2? 
The SCA2 gene consists of 25 exons spanning 130 kb and codes for ataxin-2, 
a cytoplasmatic protein of unknown function (Imbert et al. 1996). Ataxin-2 is 
expressed in brain, liver, heart, muscle, pancreas and placenta and contains a cleavage 
site for apopain (Sanpei et al. 1996). As previously reported for huntingtin (Goldberg 
et al. 1996b), the cleavage rate of apopain is likely to grow with the length of the 
polyglutamine stretch in ataxin-2. Since the curve relating the CAG copy number to 
age at onset is steeper in SCA2 than in SCA1 and SCA3IMJD, Cancel et al. (1997) 
suggested that ataxin-2 may be more sensitive to long glutamine tracts than ataxin-1 
(in SCA1) and ataxin-3 (in SCA3/MJD). Unlike in HD, SCA1 and SCA3, nuclear 
inclusions were not seen in SCA2 (Huynh et al. 1999). 
The homology of the mouse Sca2 gene (Nechiporuk et al. 1998) to human 
SCA2 gene is very high, 89 % at the DNA level and 91 % at the amino acid level. 
However, at the position of the CAG repeat in the human SCA2 only a single CAG 
trinucleotide was found suggesting that, as for ataxin-1 and ataxin-3, the 
polyglutamine stretch is not essential for the function of ataxin-2 (Nechiporuk et al. 
1998). Mouse ataxin-2 is widely expressed in many tissues including kidney and lung 
where no SCA2 transcripts could be detected in humans. High levels of mouse ataxin-
2 were also found in Purkinje cells of cerebellum and gigantocellular neurons of the 
brain stetn while no mouse ataxin-2 was detectable in glial cells. 
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1.3.2.3.4 Spinocerebellar Ataxia Type 4 
Spmocerebellar ataxia type 4 (SCA4) was described in a Utah kindred as a 
cerebellar ataxia that was 'quite distinct" from previously mapped forms of ADCA 
exhibiting prominent axonal sensory neuropathy (Gardner et al. 1994). It is a rate 
autosomal dominant form of ataxia which has been mapped to 16q22. 1 (Flanigan et 
al. 1996). Nachmanoff et al. (1997) recently reported cerebellar Purkinje cell 
degeneration as well as degeneration of dorsal root sensory ganglion neurons and the 
ascending posterior columns. The mutation associated with SCA4 is unknown. 
1.3.2.3.5 Spinocerebellar Ataxia Type5 
Spinocerebellar ataxia type 5 (SCA5) has been described by Ranum et al. 
(1994b) as "a generally non-life-threatening cerebellar ataxia" that is dominantly 
inherited with onset between age 10 to 68. They found pronounced anticipation (10 to 
20 years) upon maternal transmission and reported that so far all known juvenile cases 
(n = 4) of SCA5 were maternally inherited. The authors mapped the SCA5 locus to 
lipi 1-qi 1. 
1.3.2.3.6 Spinocerebellar Ataxia Type 6 
Spinocerebellar ataxia type 6 (SCA6) is characterised by frontal lobe signs, 
dementia and cerebeilar ataxia. The existence of a new ADCA locus had been 
suggested by Stevanin et al. (1994) after linkage to chromosomes 6 (SCA1), 12 
(SCA2) and 14 (MJD/SCA3) had been excluded in several families with ADCA 
(Twells et al. 1994; Lopes-Cendes et al. 1994). The unique clinical phenotype of 
SCA6 (Schols et al. 1997a; Gomez et al. 1997) is caused by severe degeneration of 
Purkinje cells in the cerebellar cortex leading to atrophy of the cerebellum (Gomez et 
al. 1997; Takahashiet al. 1998; Tsuchiya et al. 1998). SCA6 progresses slowly over 
the course of 20 to 30 years and symptoms include progressive cerebellar ataxia of the 
limbs and gait and mild vibratory sensory loss. 
In patients with unknown late-onset neurological disorders, Zhuchenko et al. 
(1997) identified an expanded CAG repeat in the coding region of the human 
alpha(1A)-voltage-dependent Ca channel (CACNAJA) gene which maps to 19p13. 
Several neurological diseases have been mapped to this region including familial 
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hemiplegic migraine (FHM) and episodic ataxia type 2 (EA2). Both FHM and EA2 
were shown to result from point mutations in the CACNA1A gene (Ophoff et al. 
1996) However, Jodice et al. (1997) found a family with an intriguing case of 
intergenerational instability of a CACNA1A allele. They identified a CACNAJA allele 
with 25 CAG copies in a family with a form of progressive ADCA. Within the same 
family they also found individuals who had 20 copies of the CAG trinucleotide in the 
CACNAJA gene and were suffering from episodic ataxia type 2 (EA2) without having 
other rearrangements in the CACNAJA gene. They concluded that in this family the 
(CAG) 25 allele had arisen by intergenerational expansion of the (CAG) 20 allele. In 
another family they described segregation of EA2 with a (CAG) 23 allele of the 
CACNAJA gene. Since EA2 can result also from an expanded CAG repeat in the 
CACNAJA gene the authors concluded that SCA6 and EA2 are phenotypic variations 
of the same disorder. 
The CACNA1A gene consists of 47 exons spanning 300 kb with the CAG 
repeat at the 3' end (Ophoff et al. 1996). Normal CACNAJA alleles have 6 to 17 
CAG copies whereas mutant CACNAJA alleles contain between 21 and 30 CAG 
copies, the shortest disease-causing CAG repeat in any ADCA thus far. (Matsuyama 
et al. 1997; Riess et al. 1997). 
Although all parent-child transmissions showed clinical anticipation (14.7 
years) only one paternally transmitted CAG repeat had expanded by .  two CAG 
trinucleotides in 8 parent-child transmissions studied by Matsuyama et al. (1997). No 
intergenerational instability of the expanded CAG repeat was observed in another 
study analysing 11 parent-child transmissions (Riess et al. 1997). This relative 
stability of the SCA6 mutation may also explain the recent fmding of a common 
haplotype shared by the SCA6 population in Germany indicative of founder effect in 
SCA6 (Dichgans et al. 1999). Despite the high meiotic stability of the SCA6 
mutation reported elsewhere, a case of spontaneous SCA6, i.e. there was no family 
history, has recently been found in Japan (Izumi et al. 1999). The authors reported a 
73-year-old woman with a large SCA6 mutation (27 CAG copies) who was said to 
have had first neurological symptoms at the age of 48. 
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Age at onset and the length of the CAG repeat in the CACNA1A gene are 
inversely correlated (Matsuyama et al. 1997; Schols et al. 1998). However, repeat 
number accounts in only - 26 % of the cases for the age at onset (Matsuyama et al. 
1997). For example in individuals with 22 and 23 CAG copies the age at onset was 
shown to vary between 24 and 63 years (Gomez et al. 1997). Riess et al. (1997) 
suggested that factors other than CAG repeat length contribute significantly to clinical 
anticipation in SCA6 and Jodice et al. (1997) proposed that environmental factors 
such as physical or emotional stress leading to attacks and thus neuronal damage 
could trigger the progression of the SCA6 phenotype. 
1.3.2.3.7 Spinocerebellar Ataxia Type 7 
Of all ADCAs known to this date, SCA7 is the only form where the retina is 
affected. SCA7 is characterized by degeneration of the cerebellum, basis pontis, 
inferior olive, and retinal ganglion cells (Gouw et al. 1994). This causes a wide range 
of neurological signs such as cerebellar dysfunction, chorea as well as deep sensory 
and visual loss. 
1.3.2.3.7.1 Identification of the Affected Gene 
Benomar et al. (1995) mapped the gene for SCA7 to 3p12-p2l.L A 130-kD 
protein was identified in the brains of two unrelated SCA7 patients using monoclonal 
antibodies that also recognise TATA-box binding proteins, expanded huntingtin and 
mutant ataxin-1 and ataxin-3 (Trottier et al. 1995b). Using the Repeat Expansion 
Detection (RED) method, Lindblad et al. (1996) identified in SCA7 patients expanded 
GAG repeats with an estimated average of 64 GAG copies. David et al. (1997) 
subsequently identified the SCA 7 gene on chromosome 3pl 2-p21.i showing that it 
contains 4 to 35 GAG copies in unaffected individuals and 38 to 306 GAG copies in 
SCA7 patients (see also Stevanin et al. 1998; Benton et al. 1998). 
1.3.2.3.7.2 Intergenerational and Somatic Instability of the CAG Repeat 
Intergenerational repeat instability in SCA7 is particularly pronounced upon 
paternal transmission exceeding that observed in all other known ADGAs (David et al. 
1997). As a result strongest anticipation and rapidly progressing infantile cases of 
SCA7 are mostly observed upon paternal transmission (Enevoldson et al. 1994; 
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Benomar et al. 1994; Holmberg et al. 1995) while juvenile cases can be of maternal 
and paternal origin (Benton et al. 1998). Johannson et al. (1998) reported a case 
where (CAG) 51 had expanded to (CAG) >200 upon a single paternal transmission. The 
most severe infantile case reported so far arose from a SCA7 allele with 306 CAG 
copies and was characterized by severe hypotonia, congestive heart failure, cerebral 
and cerebellar atrophy and loss of vision (Benton et al. 1998). 
Stevanin et al. (1998) found two unrelated families in which intergenerational 
expansion of normal SCA7 alleles with 28 and 35 CAG copies had given rise to new 
SCA7 alleles with 57 and 47 CAG copies, respectively, causing spontaneous SCA7 in 
these families. They postulated that SCA7 alleles with 28 to 35 CAG copies constitute 
a group of intermediate alleles that may sometimes be unstable upon paternal 
transmission and give rise to de novo SCA7 mutations. Intermediate alleles of similar 
size (29 to 35 CAG copies) had previously been reported as the origin of de novo 
cases of HD (Goldberg et al. 1993). In addition to intergenerational instability of the 
SCA7 mutation, somatic mosaicism in leukocyte DNA has been seen in SCA7 patients 
(Gouw et al. 1998). 
1.3.2.3.7.3 The SCA7 Gene Codes for Ataxin-7 
The SCA7 gene codes for ataxin-7, a novel protein of unknown function with 
a nuclear localization signal and a polyglutamine stretch (David et al. 1997). As in 
most other polyglutarnine expansion disorders, expression of mutant ataxin-7 is not 
restricted to the affected brain regions (David et al. 1997) or a particular cell 
compartment (Holmberg et al. 1998). On the other hand the formation of ubiquinated 
nuclear inclusions only in affected neurones has been established as a characteristic 
feature of many polyglutamine expansion disorders including HD, MJD and SCA1. 
However, in SCA7 the appearance of nuclear inclusions is not restricted to affected 
regions and there was no correlation between protein expression, formation of nuclear 
inclusions and cell death (Holmberg et al. 1998). 
1.3.2.3.8 SpinocerebeHar Ataxia Type 8 
Spinocerebellar ataxia type 8 (SCA8) is a slowly progressing form of 
autosomal dominant cerebellar ataxia which is characterized by cerebellar atrophy 
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leading to spastic and ataxic dysarthria as well as limb and gait ataxia. The age at 
onset is between 18 and 65. 
In an attempt to identify TREDs in patients with unassigned autosomal 
dominantly inherited cerebellar ataxias Kobb et al. (1999) mapped the SCA8 locus to 
1 3q21. They isolated expanded repeats by RAPID' ° cloning directly from the genomic 
DNA of a large SCA8 kindred and identified an expanded trinucleotide repeat in the 3' 
untranslated part of the transcript. Since the repeat in the SCA8 gene is untranslated, 
but is transcribed into a CUG repeat, the authors referred to it as CTG repeat. SCA8 
transcripts, which showed no homology to any known genes, could be detected in 
brain tissue, but were absent in other tissues. The authors identified 107 to 127 CTG 
copies in SCA8 patients and 74 to 94 copies in unaffected family members. Normal 
alleles in the general population carry between 16 to 37 trinucleotides including a 
short polymorphic CTA repeat adjacent to the CTG repeat. Intergenerational repeat 
length changes are greater than in any other ADCA, but not as great as in DM. Like 
in DM, most maternal transmissions of expanded alleles resulted in expansions (-11 to 
+ 600), whereas deletions were favoured upon paternal transmission (- 86 to + 7). 
The largest expansions (+ 250, + 375, + 600) occurred exclusively upon maternal 
transmission. No somatic instability was detected in blood or muscle from SCA8 
patients, but the authors pointed out that cerebellar tissue, which is primarily affected 
in SCA8, had not been analysed. 
The analysis of eight affected families revealed at least seven SCA8 haplotypes 
and suggested to the authors that independently arising CTG repeat expansions can be 
the cause of adult-onset SCA8. This SCA8 is not to be confused with an infantile-
onset spinocerebellar ataxia (IOSCA), which was labelled SCA8, but in fact is 
autosomal recessive and has been mapped to 10q24 (Nikali et al. 1997). 
RAPID = Repeat Analysis, Pooled Isolation, and Detection 
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1.3.2.3.9 Spinocerebellar Ataxia Type 10 
Grewal et al. (1998) identified a large Mexican-American family with an as yet 
unassigned form of autosOmal dominant spinocerebellar ataxia. Symptoms were 
reported to resemble those of SCA5 and SCA6 with seizures. After exclusion of .all 
known SCA loci and the DRPLA locus, members of the same group (Zu et al. 1999) 
linked SCA in this family to 22q13 and named it SCA10. Since anticipation was 
observed in this family the authors suggested that an unstable trinucleotide repeat 
might be the molecular basis of SCAb. 
1.3.2.3.10 DentatorubraL- and Pallidoluysian Atrophy 
Dentatorubral- and pallidoluysian atrophy (DRPLA) is another rare form of 
ADCA with the highest frequency in Japan. Naito & Oyanagi (1982) described five 
Japanese families with ataxia, dementia, choreoathetosis and progressive myoclonus 
epilepsy in infantile-onset cases. They observed that disease onset occurs between 20 
and 30 years and death occurs between 40 and 50 years of age. 
1. 3.2.3. 10.1 Identification of the Affected Gene 
The gene affected in DRPLA was mapped to chromosome 12p by Burke et al. 
(1994). Using fluorescence in situ hybridisation this was narrowed down to 12pl3L31 
(Takano et al. 1996). By screening a brain cDNA library Li et al. (1993) identified 
several cDNA clones that mapped to chromosome 12 and contained a CAG repeat. 
Using one of these clones, CTG-B37, Nagafuchi et al. (1994a) identified expanded 
CAG repeats in DRPLA patients. The CAG repeat was in exon 5 of a newly identified 
gene, which they termed DRPLA. Affected individuals had 49 to 88 CAG copies 
while unaffected individuals carried between 7 and 23 CAG copies (Komure et al. 
1995). Age at onset and severity of the disease symptoms have been shown to be 
inversely correlated with repeat length (Koide et al. 1994). 
1.3.2.3.10.2 Intergenerational Instability of the CAG Repeat 
Intergenerational repeat expansion. and anticipation are particularly 
pronounced upon paternal transmission but they are also observed upon maternal 
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transmission (Aoki et al. 1994; Sano et al. 1994). For example, Koide et al. (1994) 
found an average change of + 4.2 GAG trmucleotides upon paternal transmission and 
an average change of —1.0 GAG trmucleotides upon maternal transmission. Komure et 
al. (1995) found an average increase by more than 5 CAG trinucleotides in more than 
80 % of paternal transmissions while upon maternal transmission contraction or an 
increase by less than 5 GAG trinucleotides was observed. Unlike HD and DM, MiD 
and DRPLA are not 'true dominant' disorders, i.e. patients that are homozygous for 
the repeat expansion are more severely affected than heterozygotes with a CAG 
repeat of the same length (Sato et al. 1995). 
As previously suggested for MJD, meiotic drive during paternal transmission, 
i.e. the preferential transmission of the longer normal allele, has been observed in 
DRPLA (Ikeuchi et al. 1996). The coincidence of meiotic drive and higher GAG 
repeat instability upon paternal transmission in MJD and DRPLA may indicate that 
similar mechanisms of repeat destabilisation are active in both disorders. However, as 
mentioned above, segregation ratio distortion in DRPLA and MJD has recently been 
questioned (MacMillan et al. 1999). 
1.3.2.3.10.3 Somatic Instability of the GAG Repeat 
Distinct differences in GAG repeat length between somatic tissues have been 
reported (Ueno et al. 1995; Tanaka et al. 1996b). Longest repeats and largest repeat 
length variation were identified in the brain with exception of the cerebellum. As for 
all other ADGAs there was no correlation between the degree of repeat instability and 
susceptibility to neuronal degeneration. Recently, age-dependent somatic instability of 
the DRPLA mutation has been observed in transgenic mice carrying a mutant human 
DRPLA gene (Sato et al. 1999). 
1.3.2.3.10.4 DRPLA and Haw River Syndrome are Allelic 
Burke et al. (1994) demonstrated that Haw River syndrome (HRS), a 
distinctive neurological disorder first observed in a family living in Haw River, North 
Carolina (Farmer et al. 1989), with a combination of symptoms found in HD, SGA 
Grewal et al. (1998) pointed out that in 20 % to 30% of families seggregating autosomal dominant SCA, the 
disease cannot be assigned to any of the known loci indicating the existence of several unidentified mutations 
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and DRPLA, is caused by expansion of the GAG repeat in the DRPLA gene. Unlike 
DRPLA, seizures and demyelination in the absence of myoclonus are characteristic for 
HRS (Farmer et al. 1989). 
1.3.2.3.10.5 The DRPLA Gene Codes for Atrophin-1 
The human DRPLA gene codes for a protein of unknown function. It consists 
of 1184 amino acids with the polyglutamine stretch starting at amino acid 484 
(Nagafuchi et al. 1994b). Yazawa et al. (1995) identified the normal 190-kD DRPLA 
gene product which they termed atrophin- 1. In addition they detected a 205-kD 
polypeptide containing the expanded polyglutamine stretch in brains of DRPLA 
patients. Atrophin- 1 was found to be widely expressed in human CNS tissue (Knight 
et al. 1997). Transcripts have been found in multiple brain regions and no differences 
in the transcript levels between DRPLA brain and a control could be detected 
(Margolis et al. 1996). Since wild-type and mutant proteins were found at similar 
amounts in various brain tissues of DRPLA patients Yazawa et al. (1997) concluded 
that expression of mutant atrophin- 1 is not sufficient for cell-type specific 
degeneration in DRPLA. Instead there may be cellular factors that interact with 
mutant atrophin-1. Like huntingtin and ataxin-3, atrophin-1 was recently shown to be 
cleaved in apoptotic extracts and to be substrate of caspase-3 (Wellington et al. 
1998). Although susceptibility to cleavage was not affected by the length of the 
polyglutamine stretch it is conceivable that a possible function of the cleavage 
products in apdptosis may be affected. This so-called 'toxic fragment hypothesis' has 
recently been corroborated by Ellerby et al. (1999) who demonstrated that the length 
of the polyglutamine stretch affects localisation and aggregation of caspase cleavage 
products in the cell thereby modulating cell cytotoxicity. Furthermore, five atrophin- 1 
interacting proteins (AlPs) have been identified using a yeast-two-hybrid system 
(Wood et al. 1998). All of these proteins contain WW-domains which have also been 
identified in huntingtin-interacting proteins (HIPs) such as HIP1 and HIP2, and both 
AlPs and HIPs interact with enzymes of the ubiquitin-system. Since their yeast 
homologues are involved in endocytosis the authors hypothesised that both huntingtin 
leading to SCA. 
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and atrophin- 1 may normally be involved in the process of ubiquitin-dependent 
endocytosis. 
Schmitt et al. (1995) identified the rat homologue of the human DRPLA gene 
and found 92% amino acid sequence homology to human atrophin- 1. The authors 
identified 7 to 34 CAG copies with an average of 15 in the rat DRPLA gene (drpla). 
In the mouse homologue of the human DRPLA gene Oyake et al. (1997) found a 
CAG repeat that consisted of only three to eight CAG copies that were interrupted. 
Despite the strong homology between human and rat DRPLA protein, there is 
evidence of structural differences especially in cluster formation, protein folding and 
stability (Yazawa et al. 1998). 
1.3.2.4 Spinal and Bulbar Muscular Atrophy 
X-linked recessive spinal and bulbar muscular atrophy (SBMA), also called 
Kennedy disease, was first described by Kennedy et al. (1968) as "a disease of the 
nervous system that is slowly progressing and compatible with long life". In males the 
authors reported symptoms such as muscle weakness and wasting, intention tremor, 
bulbar signs, impotence, sterility and testicular atrophy due to androgen deficiency 
and oestrogen excess. Heterozygous females are generally asymptomatic. 
1.3.2.4.1 Identification of the Affected Gene 
La Spada and colleagues (La Spada and Fischbeck, 1991; La Spada et al. 
1991) identified in SBMA patients an expanded CAG repeat in the first exon of the 
androgen receptor (AR) gene. Three years earlier members of this group had 
participated in the cloning of the complete AR coding sequence (Lubahn et al. 1988). 
In 24 SBMA patients La Spada and colleagues identified eleven expanded AR alleles 
with 40 to 52 CAG copies whereas in 75 control samples they found AR alleles with 
17 to 26 CAG copies. Over the past seven years, normal alleles with as few as 11 and 
as many as 33 CAG copies have been identified and mutated alleles with 37 to 66 
CAG copies have been found. As in all other ADCAs, there is a correlation between 
CAG repeat length and the severity of SBMA symptoms (Doyu et al. 1992; Igarashi 
et al. 1992). 
I 
51 
Chapter 1 Introduction 
1.3.2.4.2 Anticipation is Rare in SBMA 
Compared to SCA1 and DRPLA, which show remarkable anticipation upon 
paternal transmission, anticipation seems relatively rare in SBMA families. For 
example, Amato et al. (1993) reported that there was no indication of anticipation tn 
17 SBMA patients from 7 families. There was also no correlation between repeat size 
and the severity and age at onset of symptoms. Also La Spada et al. (1992), looking 
at SBMA families with more diverse ancestry, found only weak anticipation and said 
that factors other than CAG repeat length may make considerable contributions to age 
at onset and the severity of disease symptoms. 
1.3.2.4.3 Intergenerational Instability of the CAG Repeat 
Meiotic instability of the SBMA mutation is moderate and greater in male 
meiosis (La Spada et al. 1992). Zhang et al. (1994) who carried out single-sperm 
analyses revealed that normal alleles with 28 to 31 CAG copies had a 4.4 times higher 
instability than alleles carrying 20 to 22 CAG copies. Contractions were seen to 
outnumber expansions clearly by 9:1 which could explain why spontaneous cases of 
SBMA have never been reported. The analysis of sperm from an affected individual 
carrying an AR allele with 47 CAG copies revealed that the majority of AR alleles had 
expanded by mostly one or two CAG copies while 19 % had undergone contractions 
of also one or two CAG copies. The largest expansions and contractions were 11 and 
25 CAG copies, respectively. 
1.3.2.4.4 Somatic Instability of the CAG Repeat 
Compared to MJD and DRPLA somatic instability of the CAG repeat in the 
AR gene is absent (Jedele et al. 1998) or moderate, involving as few as two or three 
CAG copies (Biancalana et al. 1992). Spiegel et al. (1996) also reported complete 
stability of the SBMA mutation in fibroblast cell cultures. 
1.3.2.4.5 Founder Effect in SBMA 
A polymorphic CGG repeat (11 to 17 copies) adjacent to the CAG repeat in 
the AR gene was studied by Tanaka et al. (1996a). They found that in the Japanese 
SBMApopulation 39 % of expanded AR alleles carry 17 CGG copies whereas only 1 
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% of normal alleles have 17 CGG copies and interpreted this as an indication of 
founder effect in SBMA in Japan. 
1.3.2.4.6 The AR Gene Codes for the Androgen Receptor 
The complete human AR cDNA was cloned by Lubahn et al. (1988) and 
DNA- and hormone-binding domains were identified in the gene product. Expression 
of the androgen receptor was shown in brain and spinal cord, with a preference for 
nuclei of motor neurones of cranial nerves and the spinal cord (Simerly et al. 1990; 
Matsuura et al. 1993). 
Like ADCAs and HD, SBMA is presumed to result from a selective 
neurotoxic gain of protein function. It has recently been shown in vitro that expanded 
androgen receptor is cleaved by caspase-3 (Merry et al. 1998; Kobayashi et al. 
1998). Proteolytic cleavage of mutant androgen receptor was also observed by Butler 
et al. (1998). When they transfected cell cultures with cDNAs coding for mutant 
androgen receptor [(Gln) 521 they detected an abnormally truncated form of the mutant 
androgen receptor which, they inferred, was lacking the hormone-binding domain and 
may therefore lead to uncontrolled transcription of specific genes. Similar 
polyglutamine repeat length dependent cleavage by caspase-3 had previously been 
demonstrated for expanded huntingtin (Goldberg et al. 1996b). Such truncated 
proteins may either be toxic or have other specific properties. 
1.3.2.4.7 CAG Repeat Length and Prostate Cancer 
The main function of the androgen receptor is transcription regulation of 
target genes. This function is coded for by exon 1 which also contains the CAG 
repeat. A smaller CAG repeat size associated with increased transcription activation 
might lead to an increased risk of prostate cancer. For example, Schoenberg et al. 
(1994) reported the case of a prostate cancer patient who had a (CAG) 24 repeat in 
non-cancerous tissue and an additional contracted (CAG) 18 repeat in the cancer. 
Furthermore, in a population study Irvine et al. (1995) identified the highest 
frequency of short CAG repeats (< 22 copies) in African-Americans who had the 
highest risk of prostate cancer in the analysed population whereas short CAG repeats 
were less frequently found in Asians who also had the lowest cancer risk. Among the 
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white population they observed that cancer patients had a higher frequency of short 
CAG repeats than unaffected individuals. The authors also detected a possible link 
between increased length of a nearby CGG repeat (> 16 copies) and an increased risk 
of prostate cancer. Often individuals with a short CAG repeat were found to have a 
long CGG repeat whereas individuals with a long CAG repeat had a short CGG 
repeat. 
1.3.3 Friedreich's Ataxia - The First GAA Repeat Disease 
Friedreich's ataxia 1 (FA) is the most common inherited form of ataxia (1 in 
50,000). Symptoms of this autosomal recessive mitochondrial disorder include 
cerebellar ataxia, loss of tendon reflexes in the legs and uncoordinated limb 
movements (Harding, 1981), electrocardiogram abnormalities and congestive heart 
failure (Harding and Hewer, 1983), as well as diabetes or carbohydrate intolerance in 
about 30 % of patients (Finocchiaro et al. 1988). Age at onset lies between 2 to 51 
(Dun et al. 1996). 
1.3.3.1 Identification of the Affected Gene 
Shaw et al. (1990) assigned the FA locus to 9q13—q21.1 andMontermini et 
al. (1995) narrowed down the region to a 150-kb fragment on chromosome 9pl3. In 
this region Campuzano et al. (1996) isolated a novel gene, named X25 [now called 
Friedreichs Ataxia (FRDAJ) gene], which consists of 6 exons and encodes a 210-
amino acid protein. In 184 PA patients the authors identified 3 point mutations by 
PCR amplification and sequencing of the exons. Furthermore, cosmid sequence 
analysis revealed a (GAA) 9 repeat 1.4 kb downstream from exon 1 in the first intron 
of the FRDA gene. Incubation of expanded and normal long-range PCR fragments 
with the restriction endonuclease MboII' 2 revealed that this GAA repeat is expanded 
in FA patients. 
Unaffected individuals have between 7 and 22 GAA copies whereas FA 
patients carry 120 to >1700 GAA copies (Campuzano et al. 1996; Durr et al. 1996). 
2 The restriction endonuclease MbolI cleaves the GAA repeat at 5'-GAAGA(N)' -3'. 
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ThUs far, the shortest GAA repeat conferring FA has 66 GAA copies (Epplen et al. 
1997). Age at onset and the severity of symptoms were found to be inversely 
correlated to the length of the GAA repeat. Typically, patients with more severe 
symptoms such as cardiomyopathy and diabetes have significantly longer GAA. 
repeats (Filla et al. 1996). FA does not display anticipation because it is a recessive 
disorder with 94 % of all FA patients being homozygous for the GAA expansion 
(Monros et al. 1997). 
1.3.3.2 Intergenerational Instability of the GAA Repeat 
The GAA repeat is highly unstable in meiosis with an average length change of 
150 GAA copies (Filla et al. 1996). Pianese et al. (1997) added that the GAA repeat 
length and the sex of the transmitting parent are important factors that affect the 
degree of repeat instability. Indeed, paternally transmitted expanded alleles tend to 
decrease depending on the size of the paternal expansion, whereas maternal alleles 
either increase or decrease in size (Monros et al. 1997; De Michele et al. 1998). De 
Michele et al. (1998) found that intergenerational change in the length of the repeat 
was inversely correlated with paternal age, but correlated directly with maternal age. 
Premutated alleles which harboured > 40 GAA copies were highly unstable in meiosis 
and displayed a bias towards expansion. For example, Delatycki et al. (1998) 
identified an unaffected father with a premutation of 100 GAA copies in his leukocyte 
DNA who had expanded FRDA alleles in sperm DNA that centred around 320 GAA 
copies. 
1.3.3.3 Evidence for Founder Effect in FA 
Pianese et al. (1997) reported that contractions outnumber expansions on 
normal alleles with no obvious affect of the haplotype. However, when Cossee et al. 
(1997) subdivided normal alleles into very short (8 to 9 GAA copies) and long (16 to 
34 GAA copies) normal FRDAJ alleles, they found that long normal alleles and 
mutant alleles share the same major haplotype whereas the very short alleles were 
"almost never" associated with this haplotype. From this the authors inferred that 
most, if not all, long normal FRDJA alleles have a single ancestor and that they may 
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be replenishing the pooi of mutant alleles. In support of this model they reported the 
expansion of two long normal alleles with 42 and 60 GAA copies into the mutant 
range upon a single transmission. 
Also haplotype analysis in 73 German FA patients using nine markers spanning 
1000 kb around the FRDAJ gene (Zuhike et al. 1999) revealed a limited number of 
mutant FRDAJ haplotypes. They were significantly different from FRDA1 haplotypes 
found in 77 unaffected controls suggesting founder effect also in German FA patients. 
The authors used three markers for an estimate on the age of the FRDA mutation in 
the German population. The FR6 marker, a (TC) 10CTCT(TC) 3T(TC)9 repeat, 
suggested that it was 107 generations old whereas two other markers gave estimates 
of 659 and 2097 generations showing that the FA chromosome in the German 
population is very old. 
1.3.3.4 Somatic Instability of the GAA Repeat 
Montermini et al. (1997) investigated somatic instability of the .GAA repeat in 
different CNS regions and found strong mosaicism which appeared to correlate with 
frataxin expression. Somatic contraction of long GAA repeats in tissues of the 
nervous system was also found by Machkhas et al. (1998) in a female patient with 
very mild FA. In general, somatic mosaicism has been invoked to explain strong 
clinical variation in some FA siblings with similar GAA repeat size in leukocyte DNA 
(Klopstock et al. 1999). 
1.3.3.5 The FRDA1 Gene Codes for the Mitochondrial Protein 
Frataxin 
The nuclear FRDAJ gene encodes a mitochondrial 18-kD protein called 
frataxin (for Friedreich's ataxia protein) which consists of 210-amino acids and is as 
yet of unknown function (Campuzano et al. 1996; Gibson et al. 1996; Priller et al. 
1997; Campuzano et al. 1997). 
FA is the result of a loss-of-function mutation as shown by the reduced levels 
of mature FRDA transcripts in FA patients, probably due to inhibition of transcription 
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by the expanded GAA repeat (Ohshima et al. 1998; Bidichandani et al. 1998). It was 
therefore not surprising that degenerated regions in FA were found to correlate well 
with tissue-specific expression of frataxin during development in mouse (Jiralerspong 
et al. 1997). 
Using fluorescent antibodies, Campuzano et al. (1997) detected frataxin in the 
mitochondrial membranes and crests in several tissues of mouse and human and 
concluded that neurodegeneration in FA may result from oxidative damage. The 
mitochondrial gene product of the yeast homologue of the human FRDA gene, yeast 
frataxin homologue-1 (YFHJ) gene, was shown to be involved in iron homeostasis 
and to have respiratory function (Wilson and Roof, 1997; Babcock et al. 1997). 
Foury & Cazzalini (1997) who studied the phenotype of YFH1 null mutants 
concluded that the loss of frataxin could lead to an accumulation of toxic free radicals 
in mitochondria due to iron overload causing neurodegeneration. 
1.3.4 Other Disorders with Anticipation 
As an introduction to a paper on anticipation in familial leukaemias by Horwitz 
et al. (1996) the American Journal of Human Genetics published an invited editorial 
on anticipation. In this editorial Mclnnis (1996) traced back the concept of 
anticipation to the French psychiatrist Benedict Auguste Morel, 1857, who described 
the worsening of illnesses within families, with the child suffering more severe 
symptoms and earlier age at onset than the parent. Mclnnis pointed out that 
anticipation was highly popular with psychiatry until Penrose (1948) noted that "the 
phenomenon is easy to find in almost any medical data on diseases which commonly 
occur in two generations of the same family" concluding that "the tendency for 
anticipation to occur in pedigrees of hereditary disease is due to the manner of their 
selection and is not a phenomenon of direct biological significance". According to 
Penrose (1948) anticipation was mainly the result of certain ascertainment biases. 
Nevertheless 'true' anticipation has been found in most TREDs and possibly in a 
number of other heritable neurological and non-neurological diseases, a few examples 
of which are given below. 
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Horwitz et al. (1996) observed anticipation in autosomal dominant chronic 
lymphocytic leukaemia (CLL) and autosomal dominant acute myologenous leukaemia 
(AML). For AML they observed a decline in the mean age at onset from 57 years to 
32 years and then to 13 years over three generations. In eight of nine families 
transmitting CLL they found a decline in the mean age at onset of 21 years. Even 
though the authors noted that the decline in the mean age at onset in CLL and AML 
was greater than that observed in TREDs and that there was no parental sex effect 
they suggested that a dynamic mutation may be involved in familial leukaemias 
proposing three candidate genes for familial leukaemia; the proto-oncogene CBL2 on 
1 1q23.3 (Jones et al. 1995) which contains a CGG repeat whose expansion has 
previously been associated with a predisposition to Jacobsen syndrome (Jacobsen et 
al. 1973), a locus on 21q22.1-22.2 (Ho et al. 1996) and the CBFB gene which 
encodes the beta subunit of a heterodimeric transcription factor that was found to 
regulate transcription of genes expressed in T cells (Liu et al. 1993). 
There have also been reports of anticipation in families with schizophrenia 
(Asherson et al. 1994) and bipo!ar,affective disorder (Mclnnis et al. 1993; Nylander 
et aL 1994; Engstrom et al. 1995), and the involvement of expanding trinucleotide 
repeats has been proposed,(Lindblad et al. 1995). 
Other neurological diseases with a decrease in the mean age at onset between 
parents and their offspring of approximately 20 years include Parkinson disease 
(Payami et al. 1995; Plante-Bordeneuve et al. 1995), Meniere disease (Morrison, 
1995) and idiopathic dystonia (Cheng et al. 1996). In two other neurological 
diseases, namely familial spastic paraplegia (Gispert et al. 1995) and Rolandic 
epilepsy and speech dyspraxia (Scheffer et al. 1995), anticipation was reported in 
form of a gradual increase in the severity of disease symptoms. 
Non-neurological diseases for which anticipation has been reported include 
Crohn disease (Satsangi et al. 1996), cyclic hematopoeisis (Palmer et al. 1996), 
psoriasis which is a chronic inflammatory dermatosis (Burden et al. 1998), familial 
adenomatous polyposis (Presciuttini et al. 1994) and po!ycystic kidney disease 
(PKD1; Peral et al. 1996). Numerous examples of non-neurological diseases with an 
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increase in the severity of the disease, but not necessarily showing a decline in the 
onset age, were cited in the review on anticipation by Mclnnis (1996). 
- Because of the observation of anticipation in these diseases, involvement of 
unstable trinucleotide repeats has been suggested. However, that a stable point 
mutation has recently been identified in the major gene for autosomal dominant 
polycystic kidney disease (ADPKD gene) in a PKD 1 family with clear clinical 
anticipation showed that phenotypic variation within families is not necessarily due to 
a dynamic mutation. 
1.4 Proposed Mechanisms of Trinucleotide Repeat 
Instability 
Polymorphic microsatellites are present in the genomes of most organisms and 
vary in copy number within and between species. For most microsatellite loci length 
variability is due to local misalignments during DNA replication, also called 
polymerase slippage (Schiotterer and Tautz, 1992; Strand et al. 1993). Over 
evolutionary time small changes in length, probably involving no more than one or 
two copies, accumulated and produced the multitude of microsateffites that are now at 
our disposal for genotyping, prenatal diagnostics, forensic science and population 
studies. The previous section has shown that, unlike such intergenerationally stable 
repetitive sequences, premutated and expanded trinucleotide repeats in TREDs can 
undergo large-scale copy number changes upon a single parent-child transmission, and 
this may not be fully explainable by simple DNA polymerase slippage. Instead it has 
been proposed that trinucleotide repeats associated with TREDs, namely CAG, CGG 
and GAA, possess additional intrinsic properties that specifically promote localised 
and large-scale destabilisation. Reports over the past three years of unusual secondary 
structures formed by all three disease-related trinucleotide repeat sequences in vitro, 
and possibly in vivo, have strengthened this hypothesis. 
Hence, the following section will focus on experiments that have investigated 
the potential of trinucleotide repeats to adopt unusual secondary structures. This will 
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be followed by a review of mutational mechanisms, usually based upon secondary 
structure formation, most of which had been proposed before the beginning of this 
project in October 1995. Other more recently proposed models of trinucleotide repeat 
instability and earlier models that have been improved upon due to further insights 
gained over the past three years will be discussed in the appropriate Chapters in the 
context of the results obtained, or they will be part of the concluding remarks made in 
Chapter 7. 
1.4.1 Unusual Structures Formed by Trinucleotide Repeats 
1.4.1.1 Hairpin and Tetraplex Formation by CNG Repeats 
Using chemical modification, gel mobility assays, ultra-violet (UV) light 
absorbance studies and nuclear magnetic resonance (NMR) studies it was 
demonstrated that the single strands of three of the ten possible trinucleotide repeat 
sequences that exist in double-stranded DNA form hairpin structures in vitro (Mitas et 
al. 1995; Yu et al. 1995a; Mitchell et al. 1995; Gacy et al. 1995; Smith et al. 1995; 
Petruska et al. 1996; Mariappan et al. 1996; Zheng et al. 1996; Mariappan et al. 
1998). These three trinucleotide repeats with hairpin forming capabilities are the 
CAG, GAC and CGG repeats. 
Mitas et al. (1995) mentioned that they are GC-rich and contain GC or CG 
palindromic' 3 sequences. However, Gacy et al. (1995) pointed out that in contrast to 
CAG and CGG repeats, which do expand, the longest GAC repeat in the human 
genome consists of only five trinucleotide copies which apparently is too short to 
form stable hairpins. Hairpins formed by single strands of CAG and CGG repeats 
contain mismatched base-pairs in addition to Watson-Crick base pairs (Figure 1 -2A 
and 1-2B). They are therefore less stable than hairpins formed by perfectly base-paired 
palindromic sequences (Figure 1-2C). The T-T mispairs in the stem of CTG and GTC 
hairpins are resistant to modification by KMn0 4 indicating that they are well stacked 
into the helix (Figure 1-2A; Mitas, 1995; Yu et al. 1995a). Further analysis of CTG 





Chapter 1 Introduction 
hairpins by NMR showed that these T-T mispairs contain two hydrogen bonds 
(Mariappan et al. 1996). 
A 	 B 	 C. 
	 A-A mispairs in 
Figure 1-2. Hairpin structures formed by single-
stranded CAG and CTG sequences (A, B) and a 
perfect palindrome (C). Bold lines indicate Watson-
Crick base pairs, thin lines indicate non-Watson-
Crick base pairs. 
14 Diethylpyrocarbonate (DEPC) carbethoxylates N7 of adenines that Ia 
GAC hairpins are also well 
stacked into the helix as 
was demonstrated by 
DEPC 14 modification, 
whereas A-A mispairs in 
CAG hairpins are more 
accessible to modification 
by DEPC indicating a less 
well-stacked conformation 
of the CAG hairpin (Figure 
1-2B; Zheng et al. 1996). 
Moreover CAG 
homoduplexes have been 
found to coexist with CAG 
hairpins, but the former 
disappeared with increasing 
length. of the CAG repeat. 
For example, (CAG) 5 
existed as a hairpin and a 
homoduplex while (CAG),0 
formed exclusively hairpins 
(Mariappan et al. 1998). 
The pattern obtained from 
cleavage structures formed 
k extensive base stacking interactions. 
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from single-stranded (CAG) 15 and (GAC) 15 repeats with single-strand specific P1 
nuclease suggested to Yu et al. (1995b) the formation of singly looped hairpins such 
structure is fairly similar to that of 
(CAG) 30 structure and suggested that 
I both repeats form a different number of 
hairpm same-sized hairpins. Furthermore, in 
formed by ss (CAG) 10 with one 	. 
vitro studies and theoretical simulations 
trinucleotide in each ioop as suggested 
by Mariappan et al. (1998). 
more stable hairpins than the 
complementary CAG single strand (Petruska et al. 1996). The authors attributed this 
to the bulkier adenines in CAG repeats which may not fit into the helix as well as the 
smaller thymidines fit into the CTG hairpin stem. Moreover, T-T mispairs contain two 
hydrogen bonds and are better stacked than A-A mispairs which have only one 
hydrogen bond. 
Theoretically, trinucleotide repeats can form hairpins in three different 
alignments, so-called frames. Three hairpin folding frames in which the 5'-3' sequences 
on both sides of the hairpin are identical have been defined and illustrated in a recent 
review by Darlow and Leach (1998). It has been shown that CCG single strands 
preferentially form hairpins in frame 1 and that these hairpins contain highly flexible 
as those shown in Figure 1-2. 
C 	G 
:1   —Al  
Figure 13. Doubly looped 
showed that single strands consisting of 
ten CTG trinucleotides form slightly 
However, in another experiment 
P1 digestion of hairpins formed by 
single stranded (CAG) 10 and single 
stranded (CAG) 11 repeats favoured 
doubly looped hairpin structures with a 
single hydrogen bond in the A-A 
mispair (Mariappan et al. 1998). This is 
shown in Figure 1-3. In corroboration 
of the latter, Petruska et al. (1996) 
reported that the stability of a (CAG) 10 
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mismatched C-C base pairs that have no hydrogen bonds (Figure 14A; Chen et al. 
1995, Mariappan et al. 1996). However, it has been argued that longer CCG repeats 










I 	 C 	C 
5r N3. 	5,9 3. 
Figure 1-4. Schematics of hairpin structures 
adopted by single stranded CCG repeats. A and 
B show hairpins with intrahelical CC base pairs 
in frame 1 and 2, respectively while in C, CC 
base pairs are extrahelical. For definition and 
ifiustration of hairpin folding frames see Darlow 
and Leach (1998). 
I ..) .AJpH...)J WI 111 
hairpins in frame 2 with a very 
distorted structure, the so-
called extended e motif45 
which is characterized by 
extrahelical cytosines (Yu et 
---aL- -1-997b; reviewed-in-Mitas,-------------
1997). This is shown in Figure 
14C. Also single-stranded 
CGG repeats form strong 
hairpins under physiological in 
vitro conditions (Chen et al. 
1995; Mitas, 1997; Darlow 
and Leach, 1998). 
Gacy et al. (1995) showed 
that such hairpins are 
dramatically destabilised by a 
single AGG interruption as 
found in CGG repeats of 
normal FMR1 alleles. 
Moreover, in the presence of 
r a hairpin in frame 3 with 
more than 13 CGG copies 
may fold over and form an 
intramolecular tetraplex 
(Figure 1-5B). 
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Figure 1-5. Schematic K-
independent (A) and Ktd ependent 
(B) structures formed by (CGQ) 20 
in frame 3 as proposed by Usdin 
and Woodford (1995). 
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Such tetraplexes are held together by 
two GGGG quartets and one CCCC 
quartet per trinucleotide. Similarly G4-
quartets in telomeric sequences have been 
shown to be stabilised by monovalent 
cations, preferentially K (Williamson et al. 
1989). Depending on their length, C-rich and 
G-rich single strands appear to adopt 
hairpins and tetraplexes' 6 of various 
alignments. However, the frame (2 or 3) in 
which the G-rich strand of a CGG repeat 
adopts quadruplex is still debated (Darlow 
and Leach, 1998). 
1.4.1.2 Triplex Formation by GAA 
Repeats 
GAA repeats have been known for a 
long time to form some kind of unorthodox 
secondary structure (Hanvey et al. 1989; 
Shimizu et al. 1989). Hanvey et al. (1988) 
demonstrated that in supercoiled plasmids 
the pyrimidine-rich strand of a (GAA) 9 
duplex can fold back to non-Watson-Crick-
pair with the duplex forming an 
intramolecular triplex (Figure 1-6). 
Also Bidichandani et al. (1998) 
showed that GAA repeats adopt unusual, 
non-B DNA structures. Gacy et al. (1998) 
showed that, unlike CAG and CCG repeats, 
16 Grjch strand only 
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GAA repeats can adopt an intramolecular YRY' 7-triplex consisting of a Watson-Crick 
paired GAA/TTC duplex (RY) and a third CTT strand (Y) which is non-Watson-
Crick paired with the duplex. Recent NMR data by Mariappan et al. (1998) provided 
further evidence of an intramolecular triplex with TAT and C 4 GC triads in which the 
Hoogsteen-paired cytosine is protonated, i.e. a YRY-triplex. Mitas and colleagues 
(Mitas, 1997; Suen et al. 1999) recently reported that data they had obtained by 
chemical modification and enzymatic cleavage indicate that on its own a single-
stranded (GAA) 15 repeat can form a secondary structure that melts at a temperature 









5 - AAGAAGAAGAAGAAGAAGAAG-' 
11111 	HI 	11111 	11111 
3 —TTCTTCTTCTTCTTCTTCTTC 7 
Figure 1-6. Schematic YRY-triplex formed from a GAA/TTC duplex. Gacy et al. 
(1998) noted that the YRY-triplex which is stabilised is preferred in vivo to the 
alternative RRY-triplex. 
1.4.1.3 Slipped Structures in Linear Duplex DNA 
Pearson and Sinden (1996) observed that linear reduplexed DNA 
fragments containing CAG or CGG repeats migrate more slowly in polyacrylamide 
gels than their linear duplex counterpart. They suggested that this was due to 
numerous slipped structures that were formed by the CAG and CGG repeats during 
the process of reduplexing as shown in Figure 1-7. This novel structure, termed 5-
DNA by the authors (for slipped DNA), was stable under physiological buffering 
conditions and melted above 55 °C. They showed that the fraction of molecules that 
adopted an S-DNA conformation increased with the length of the repeat tract. If, for 
17 Single letter code: R= A or G; Y = C or T 
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example, linear double-stranded DNA fragments with a (CAG) 17 repeat were 
denatured and then reduplexed only 3 % of the reduplexed molecules had adopted an 
alternative DNA structure whereas more than 50 % of fragments with (CAG) 50 and 
(CAG) 255 formed alternative structures upon reduplexing. The formation of S-DNA 
by this reduplexing method was later confirmed by electron microscopy (Pearson et 
al. 1998a). Interruptions in the CAG and CGG repeat tracts by CAT and AGG as 
found in the human SCA] and FMRJ genes, respectively, diminished S-DNA 
formation and limited the variety of alternative structures formed (Pearson et al. 
1998b). 
A 	 B 
denature 
reii..ir.iex 
Figure 1-7. Formation of slipped structure DNA (B) formed after denaturation 
and reduplexing of duplex DNA (A) containing a CNG repeat. Note that the same 
number of bases ioops out on either strand forming a different number of unlike 
structures. 
1.4.1.4 Toroid DNA, Nucleosome Assembly and Chromatin Structure 
It has been suggested that CAG repeats may serve as strong nucleosome 
assembly sites in vivo by adopting a toroid conformation (Wang et al. 1994; Kang et 
al. 1995a). Nucleosomes - the basic architectural feature of chromosomes - contain 
around 200 bp of DNA of which 146 bp are bent around a core of two molecules 
each of the histones H2A, 1 ­1213, H3 and H4. Electron microscopy revealed that the 
strength of nucleosome assembly increases with the length of the CTG repeat, with 
(CTG) 130 having a 9-fold higher nucleosome affinity than the 5S RNA gene of 
Xenopus borealis, which is known as one of the strongest natural nucleosome 
assembly sites (Wang et al. 1994; Wang and Griffith, 1995). On the other hand 
Godde and Wolfe (1996) who used shorter CTG repeats (6 to 62 copies) and DNA 
fragments that would only allow assembly of one nucleosome (256 bp) demonstrated 
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that a (CTG) 6 repeat already forms a nucleosome assembly site that is as strong as one 
formed by (CTG) 50, but acknowledged that the threshold for increased preferential 
nucleosome assembly may be above (CTG) 62 . Uncontrolled nucleosome assembly may 
inhibit progression of DNA polymerase through the repeated region promoting furthr 
expansion of the trinucleotide repeat sequence (see 1.4.2.3.3 Pausing of DNA 
Polymerase within CNG Repeats). 
In contrast, CGG repeats are sites of nucleosome exclusion (Wang et al. 
1996) and this effect is enhanced by methylation (Wang and Griffith, 1996). Normally 
methylation of CpG dinucleotides regulates gene expression by attracting a 
methylation-specific protein, methyl-CpG-binding protein (MeCP-1), that binds to the 
methylated sequence and inhibits expression of the associated gene. However, in 
fragile X syndrome the CGG repeat is expanded which usually results in abnormal 
hypermethylation of the region and repression of the FMR-1 gene. Expanded CGG 
repeats are also known to form regions of unstable chromatin, i.e. fragile sites (see 
above), and this may be due to nucleosome exclusion, too. 
1.4.2 Proposed Intrahelical and Interhelical Mechanisms 
for Microsatellite Instability 
1.4.2.1 Slipped Strand Mispairing 
First indications that repetitive sequences can slip and mispair when they are 
being replicated was provided by in vitro experiments using synthetic polymers 
(Fresco and Alberts, 1960; Kornberg et al. 1964). Streisinger et al. (1966), while 
investigating the nature of spontaneous and induced frameshift mutations in the 
lysozyme gene of bacteriophage T4, then discovered that one or two bases were 
added adjacent to an identical base or base doublet that already existed in the wild-
type lysozyme gene and prognosticated: "If these mutations occur through mispairing 
in regions of repeated bases or doublets we would predict that the frequency of 
mutation would be higher in longer stretches of identical bases or doublets since a 
longer stretch would increase the chances of mispairing". They defmed an expanded 
A6 sequence in the T4 lysozyme gene as a spontaneous mutational hotspot when they 
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— fl found that it had a 100-fold increased 
frequency to undergo further 
frameshift mutations than the wild-
type sequence (A5). 
Wells and colleagues (1965; 
Figure 1-8. Slipped strand mispairing 
during DNA replication (Streisinger et 
al. 1966). The daughter strand 
dissociates (red) from the template 
strand (green) during replication and 
reanneals at a distant position 
(slippage). Looped-out bases in the 
daughter strand lead to expansion, 
looped-out bases in the template strand 
lead to deletions. 
1967ab) found that slippage of the 
two strands relative to each other 
occurred during in vitro DNA 
replication of short synthetic DNA 
fragments containing di-, tri and 
tetranucleotide repeats. They noted 
that with increasing length of the 
repeating unit amplification became 
"more sluggish". Increased 
frequencies of spontaneous mutations 
within simple repetitive sequences 
were subsequently reported also in the 
lacI gene of E. coli (Farabaugh et al. 
1978), in the histidin D gene of 
Salmonella ssp. (Levin et al. 1982) 
and in newly identified regions of the 
lysozyme gene of bacteriophage T4 
(Owenetal. 1983). 
Streisinger and Owen (1985) 
observed that 1 % of (CA) 20  repeats inserted into bacteriophage ? underwent 
frameshift mutations whereas the shorter (CA) 11 repeat had a 4-fold lower mutation 
rate. Tautz and Renz (1984) proposed that probably all types of simple tandem 
repeats are present in eukaryotic genomes alter they had demonstrated that simple 
sequences, including (A), (G), (GT), (GA), (AT), (GC)n and (CAG), cross-
hybridise with genomes from phyllogenetically distant organisms such as man, 
Xenopus ssp., Drosophila ssp., sea urchin, wheat and yeast [wheat did not hybridise 
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with (GT) and (AT) while yeast did not hybridise with (GA)]. No hybridisation of 
the same repetitive sequences was observed with the genomes of E. coli and 
bacteriophage X. They proposed that simple tandem repeats have evolved by 
polymerase slippage (Figure 1-8) and possibly unequal crossover (see Figure 1-9) In 
regions of the genome that are not under strong selective pressure. Levinson et al. 
(1985) proposed that also other simple tandem repeats, such as (GATA) and 
(GACA), which are present in species as distant as flies, snakes and mice, most likely 
evolved independently possibly by a 'self-accelerating mechanism such as slipped 
strand mispairing (Figure 1-8). 
Levinson and Gutman (1987a) suggested that base substitutions in existing 
simple repeats prior to slipped strand mispairing created new repetitive motifs. They 
proposed that deamination of methylated C residues could create TG interruptions in 
CG repeats by transition of C to T. Expansions of TG motifs by slipped strand 
mispairing could have given rise to the TG repeat which is known to be one of the 
most frequent simple tandem repeat in eukaryotic genomes. In the same way, a single 
A to G transition in an (A)n  mononucleotide repeat, followed by slipped strand 
mispairing, could generate a (GA)n repeat. Corroborating this model Messier et al. 
(1996) recently reported that two single base substitutions, an A to G transition and a 
G to A transition, in the same short sequence in a r-globin pseudogene had given rise 
to two different polymorphic microsateffites in primates. An ATGT repeat, was found 
in African Apes and humans and consisted of four and five tetranucleotides, 
respectively; the other, a (GT)6 repeat, was identified in a New World monkey. The 
combination of base substitutions and slipped strand mispairing as a potential 
evolutionary mechanism of simple tandem repeat diversity is also supported by the 
reduced randomness of sequences flanking many simple tandem repeats (for examples 
see Levinson and Gutman, 1987a). Levinson and Gutman (1987a) further pointed out 
that certain motifs are more frequent and form longer tandem arrays than others and 
suggest that this may be due to the fact that base substitutions are non-random 
inasmuch as they result in transitions more frequently than in transversions (Brown et 
al. 1982;.Holmquist, 1983). The transformation of parts of already existing simple 
tandem repeats by this mechanism may create new repeat motifs that are more prone 
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to expansion, and juxtaposition of closely related repetitive sequences may provide 
better substrates for expansion. 
Analysing over 100 (CA)n repeat sequences in the human genome Weber 
(1990) revealed that the majority are pure dinucleotide repeats while 25 % have one 
or two interruptions. Interestingly, in a later study he and a colleague found that the 
majority of length changes in simple tandem repeats occur in the male germline and 
that these events do not coincide with sites of meiotic recombination (Weber and 
Wong, 1993). This preference for mutations of paternal origin is in agreement with 
other investigations of additional simple tandem repeats and VNTRs' 8 (Nurnberg et 
al. 1989; Vergnaud et al. 1991; Kelly et al. 1989). Weber and Wong (1993) 
proposed that this sex-bias may be caused by a higher rate of strand slippage due to a 
more than 10-fold higher number of cell divisions between zygote and sperm than 
between zygote and oocyte (Crow, 1993). However they did not rule out the 
possibilities of unequal crossing-over and gene conversion. Such interhelical 
mechanisms will be introduced briefly below. 
1.4.2.2 Unequal Crossover and Gene Conversion-Like Mechanisms 
1.4.2.2.1 Recombinational Events Involving Microsatellites 
Montagnon et al. (1994) proposed that the transformation of normal alleles 
into premutated FMRJ alleles is a multi-step process that may be initiated by an 
unequal crossover event which may push the CGG repeat towards the normal-
premutation borderliiie. In subsequent transmissions such a moderately premutated 
allele might then expand further by replication-based mechanisms such as slipped 
strand mispairing and become more and more susceptible to large-scale changes. 
However, as depicted in Figure 1-9, a recombinational crossover event involving 
simple tandem repeats may not be conservative for length inasmuch as expansion of 
one allele always comes along with .a contraction of the other allele if the two 
recombining repetitive sequences align out of register. Since expansion of one allele at 
the expense of the other has not been observed in TREDs, it was pointed out early on 
18 variable number of tandem repeats 
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that unequal crossover is unlikely to emerge as the major mechanism of trinucleotide 
repeat expansion at TRED loci (McMurray, 1995). 
Figure 1-9. Unequal crossing over (Smith, 1974) involving repetitive DNA. 
Repeat units misalign during crossover leading to contraction of one allele (red) 
and expansion of the other (green). Repeat units are indicated by thick lines. 
1.4.2.2.2 Recombinational Events Involving Minisateffites 
Unlike microsateffites which are spread throughout the human genome, 
minisatellites are preferentially clustered at chromosome ends (Vergnaud et al. 1993). 
Recombinational events between alleles or sister chromatids have long been suggested 
to control the stability of these tandemly repeated sequences (Smith, 1974; Smith, 
1976). Significant repeat instability has been detected in certain minisatellite loci by 
analysing the sequence of the minisateffite before and after mutation which is greatly 
facilitated by the fact that the sequences of repeat units are often quite variable 
(Jeffreys et al. 1988; Jeffreys et al. 1990; Buard and Vergnaud, 1994). 
Recombinational events that have led to expansion of minisatellites including CEB 1, 
MS32, MS3 1A and MS205, were found to be germline-speciflc and include intra-
allelic duplications as well as interallelic copying and transfer of repeat units that can 
be polarised (Buard et al. 1998). As for trinucleotide repeats, the length of the 
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minisatellite is proportional to the degree of mutability (Andreassen et al. 1996). For 
example, mutation rate of CEB 1 increases gradually from 0.02 % to >20 % and levels 
off when the repeat number reaches approximately 60 (Buard et al. 1998). There 
have also been indications that surrounding sequences modify minisateffite instability. 
For example, a 38 repeat allele of the minisatellite M32 has been shown to be 
stabilised 110-fold by a G to C transversion 48 bp upstream of the repeat array 
(Monckton et al. 1994; Jeifreys and Neumann, 1997). Two single base 
polymorphisms were identified 54 bp and 173 bp upstream of the g3 minisateffite with 
the shortest g3 alleles being on 546/173A haplotypes and a strong association 
between mutation rate and the 54C polymorphism (Andreassen et al. 1996). 
However, a recent study comparing the flanking sequences from a number of different 
human minisatellites detected no universal cis-acting factors of minisatellite instability 
(Murray et al. 1999). The identification of eight base variations between repeat units 
in the hypermutable minisatellite CEB1 enabled Buard and Vergnaud (1994) to 
propose a model in which double-strand breaks (DSBs) caused by staggered nicks 
initiate the mutational process. These authors also observed a bias for paternal 
germline mutations for the CEB 1 minisatellite with a mutation rate of 13 % in the 
male germline compared to only 0.4 % in the female germline. 
1.4.2.3 Trinucleotide Repeat Instability in E. coli and Yeast 
In 1966, Streisinger and colleagues (Streisinger et al. 1966; Terzaghi et al. 
1966) had already proposed that the stabilisation of hydrogen bonding in a slipped 
structure by acridines increases the probability of insertion/deletion mutations within 
repetitive sequences. Later Trinh and Sinden (1991; 1993) found that complex 
secondary structures adopted by palindromic sequences promote specific replication-
based deletion mutations. And more recently, the discovery that all trinucleotide 
repeats involved in TREDs can form partially Watson-Crick paired secondary 
structures with mispairs that contain hydrogen bonds suggested that trinucleotide 
repeats, too, may form relatively stable slipped structures during replication leading to 
large-scale repeat expansion (Figure 1-10; McMurray, 1995; Mitas, 1997;  Darlow and 
Leach,1998; Gacy et al. 1998). In TREDs, a minimum number of repeated units 
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(usually around 40) appears to be required for intergenerational instability and results 
so far indicate that this length dependence of repeat instability may somehow be 
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Figure 1-10. Model for hairpin-, tetraplex- and triplex-mediated trinucleotide 
repeat instability. 
1.4.2.3.1 CTG Repeat Instability in E. coli 
Kang et al. (1 995b) showed that expansions and deletions of trinücleotide 
repeats occur in E. coli and that they depend on the orientation of the repeat tract 
relative to the origin of replication. For example, when the authors cloned long CTG 
repeats consisting of 130 and 180 trinucleotides into a pUC-derived plasmid they 
found that these long repeats were more prone to large deletions if the lagging strand 
contained the CTG sequence. This they attributed to a more stable hairpin formed 
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from the CTG repeat on the lagging strand compared to that formed from a CAG 
repeat on the lagging strand (Figure 1-1 1). 
CTG on lagging strand CAG on lagging strand 
deletion 	 expansion 
Figure 1-11. Model for orientation-dependent instability of long CAG repeats as 
suggested by Kang et al. (1995b). The model is based on the idea that secondary 
structure formation is biased to the lagging strand and that CTG repeats form 
stronger hairpins than CAG repeats. The hairpin formed by the CTG sequence on 
the lagging strand leads to deletion while CTG on the lagging daughter strand 
leads to exnansion. 
That secondary structures may be involved in instability was also supported by 
the observation that deletion products were of defmed size. Apart from large and 
frequent deletions the authors observed extremely rare expansions of (CAG) 130 repeat 
occur when the CAG repeat was on the lagging strand. The model for orientation-
dependent CAG repeat instability as proposed by the authors for very long CAG 
repeats is shown in Figure 1-11. Of all 10 possible trinucleotide repeats a plasmid 
harbouring a short CAG repeat on the lagging strand expands best in E. coli. Ohshima 
et al. (1996) made this interesting observation when they separated mobilised repeat 
tracts (45 to 62 trinucleotide copies) in an agarose gel and then extracted DNA 
fragments that were approximately 15 to 20 trinucleotides bigger from the appropriate 
part of the agarose gel that contained no visually detectable DNA fragments. The 
eluted fragments were 're-cloned' into pUC19. Sequencing revealed that 88.4 % of all 
investigated colonies (43) contained expanded CAG repeats, while 7 % and 4.7 % 
contained expanded CGG and GTC repeats, respectively. 
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1.4.2.3.2 CGG Repeat Instability in E. coli 
The stability of CGG repeats in E. coli depends on sequence length, the 
number of interruptions (AGG), the position of the repeat within the plasmid and the 
methylation status (Shimizu et al. 1996). When Hirst and White (1998) inserted CGG 
repeats of several lengths (normal, premutated and fully mutated) from the human 
FMRJ gene into plasmids and propagated them in E. coli they found length and 
orientation-dependent instability. When the G-rich strand served as the lagging strand 
instability was greater than in the other orientation which the authors interpreted as a 
sign of secondary structure formation by the 0-rich strand that causes deletion by 
replication slippage. In vitro replication of (CGG) 22 repeats by various DNA 
polymerases which was studied by Ji et al. (1996) demonstrated that both 
complementary strands can expand, though trinucleotide additions are strongly biased 
toward the C-rich strand. As there is some evidence that secondary structures 
preferentially form on the lagging strand the authors proposed that their data would 
be in agreement with replication of the expanded CGG repeat in patients with fragile 
X syndrome from the 5'-end of the FMRJ gene. 
1.4.2.3.3 GAA Repeat Instability in E. coli 
Recently, Gacy et al. (1998) reported that (GAA) 23 and (GAA) 79 repeats 
cloned into plasmid pcDNA3 are stably propagated over many generations in E. coli 
while (GAA) 250 was very unstable. The authors found that cloning of a very long 
(GAA)575 repeat resulted in 95 % deleted plasmids with inserts of approximately 250 
GAA copies. Moreover, they proposed that since in vivo GAA repeats prefer the 
formation of a YRY-triplex with unpaired GAA's to a RRY-triplex with unpaired 
CTT's, capability to form a triplex in vivo depends on the direction of replication. 
They speculate that a sex-dependent choice of a preferred origin of replication during 
gametogenesis or early postzygotic stages could explain the observation that 
expanded GAA repeats in FA undergo large deletions upon paternal transmission 
while upon maternal transmission they have a bias towards expansion. 
Moreover they presented evidence that the unpaired GAA strand in the YRY 
triplex can form a homoduplex with another GAA sequence on the opposite strand 
which could stabilise the block to replication. They therefore proposed that CNG and 
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GAA repeats probably share an intra-allelic expansion mechanism ruling out 
homologous recombmation and gene conversion. 
1.4.2.3.4 CTG Repeat Instability in Yeast 
Similarly in yeast repeat instability was shown to increase with tract length. As 
in E. co/i repeat instability was greatest when the CTG repeat (52-130 copies) served 
as the lagging strand with large deletions (>15 copies) being the most common 
products (Maurer et al. 1996; Schweitzer and Livingston, 1997; Freudenreich et al. 
1997). Expansions were very rare. For example in 557 colonies Mauerer et al. (1996) 
detected 4 relatively small expansions (30—*32, 60-70, 65—)69 and 72-487) which 
occurred if the CAG repeat serves as the lagging strand. In this orientation expansions 
and contractions occured with similarly low frequencies. These results were obtained 
by measuring the repeat tracts in progenitor cells and comparing them to the repeat 
length in the parental cell. For reasons of higher sensitivity Miret et al. (1997; 1998) 
developed two quantitative assays, one which selected for deletions and another that 
selected for expansions of short CAG repeats. Deletion within a (CAG) 50 repeat were 
detected as red colonies because insertion of the original (CAG) 50 repeat into a 
promoter that drives expression of the ADE8 gene inhibited ADE8 expression and 
produced white colonies. They found that the CAG repeat was highly unstable in both 
orientations and approximately 100-fold more unstable than a C, A, G random 
sequence. In contrast to what Kang et al. (1995b) and Jaworski et al. (1995) had 
observed in E. co/i, no preferred deletion products were noticed in yeast. One reason 
for that could be the shorter CAG repeat used in the yeast assays. 
They used a similar principle to analyse expansions of a (CAG) 25 repeat. The 
two orientations of a (CAG) 25 repeat were inserted into the Schizomyces pombe adhi 
promoter which was fused to the URA3 reporter gene which, if expressed, made cells 
sensitive to 5-fluoro-orotic acid (5-FOA; Boeke et al. 1984). Expansions could be 
selected as 5-FOA-resistant colonies. Expansions were readily observed when the 
CAG repeat was on the lagging strand while CTG in the lagging strand conferred 
remarkable repeat stability yielding no 5-FOA-resistant colonies in several 
experiments. In fact the 'expandability' of a (CAG) 25 repeat oriented so that CTG was 
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on the lagging strand was 500-fold lower than that of the other orientation and about 
equal to that of a random sequence consisting of C, A and 0 suggesting to the 
authors that no hairpin can be adopted in this orientation. These results indicate that a 
CTG repeat on the leading daughter strand is not as effective in generating expansions 
as a CTG repeat on the lagging daughter strand. 
The authors proposed that this may be because deletions formed by the CTG 
repeat on the lagging template strand may overwhelm expansions created by the CTG 
repeat on the leading daughter strand while the situation in the other orientation is 
reversed. This strongly suggests that secondary structure formation is biased to the 
lagging strand. Likewise, the authors concluded, the orientation of the repeat tract 
relative to an origin of replication may be affecting CNG repeat stability in human 
genes. Other trinucleotide repeats involved in TREDs, i:e. CGG and GAA repeats, 
have not yet been studied in yeast. 
1.4.2.4 Models of Trinucleotide Repeat Instability Involving 
Secondary Structure 
1.4.2.4.1 DNA Slippage and Cleavage Opposite to Slipped Structures 
Although only long repeats are 'expandable' in the human genome Petruska et 
al. (1996) showed that (CAG) 10 and (CAG) 30 repeats form hairpin structures of equal 
stability in vitro. In their most recent paper Gacy and McMurray (1998) confirmed 
these results and proposed that hairpin formation is required but not sufficient for 
expansion. They concluded this from an experiment which showed that short hairpins 
reanneal to their complementary sequence at a rate that is indistinguishable from 
random DNA while hairpins formed from longer repeats reduplex slowly. In fact, the 
life span of hairpin structures formed by long CNG repeats is approximately 100-fold 
longer than that of short repeats capable of adopting hairpins. Thus in vivo long 
repeats may exist long enough in a non-duplexed state to cause replication andlor 
repair errors. In the same in vitro experiment they also observed that single-stranded 
CAG and CTG repeats of the same length form hairpins of similar stability. However, 
in E. coli and in yeast the stability of CTG repeats has been shown at numerous 
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occasions to depend on the orientation of the repeat with respect to the origin of 
replication. 
in the same in vitro 
I cruciform formation 
upon strand separation 	 experiment they also observed that 
single-stranded CAG and CTG 
repeats of the same length form 
hairpins of similar stability. 
However, in E. coli and in yeast the 
stability of CTG repeats has been hairpin migration 
nicking 	 shown at numerous occasions to 
depend on the orientation of the 
repeat with respect to the origin of 
replication. This has always been 
stretch 	
attributed to a difference in the 
stability of hairpins formed by the 
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CAG 	and 	CTG 	repeats 	on 	the 
gap filling and ligation 	 lagging strand where secondary 
structure formation appears more 
11111111 	11111111111 I I 1111111 11111 
	 likely 	(Trinh 	and 	Sinden, 	1991; 
Figure 1-12. Model for in vivo 
Pinder et al. 1998). Therefore they 
trinucleotide repeat expansion by strand suggested that proteins associated 
slippage as proposed by Petruska et al. with lagging strand replication, such 
(1998). Two hairpins which form on as single strand binding protein 
opposite strands migrate in opposite (SSB), may affect the rate of hairpin 
directions. A nick is introduced by an formation 
in vivo and preferentially 
endonuclease so that the hairpin stretches lead to hairpin formation if the CTG 
out and the opposite strand is filled in and I 
repeat is on the lagging strand 
ligated to the flanking sequence. template. A model for slippage- 
mediated 	trinucleotide 	repeat 
expansion (Figure 1-12) has recently 
been proposed by Petruska et al. (1998). They propose that during separation of the 
78 
Chapter 1 Introduction 
complementary strands prior to replication or transcription a cruciform structure is 
formed by the trmucleotide repeat sequence. Then the hairpins move away from each 
other along the repetitive sequence and a single strand nick is introduced opposite one 
of the loops. The hairpin can stretch and the gap is filled in leading to expansion. 
However, if such a single-strand nicking activity is present in vivo then it is difficult to 
understand why only one loop is nicked, unless the nicking activity is strand-specific. 
Furthermore, expansion in this model depends entirely on the migration of the two 
hairpin-arms of the cruciform in opposite directions or on faster migration of one 
hairpin in case both move in the same direction, but it is unclear what makes them 
move and why. This problem could be solved if, instead of first forming the proposed 
cruciform structure, loop formation is initiated at several different locations within the 
repeat, for instance when the two strands become transiently separated during 
replication and transcription, or because of 'DNA-breathing'. 
1.4.2.4.2 Lagging-Strand Model 
Suggested by McMurray (1995), this model (Figure 1-13) assumes that DNA 
replication is first blocked by a hairpin that formed on the lagging strand and then 
wrongly re-initiated at the single-stranded hairpin-loop leading to an expansion that 
measures one-half of the hairpin length. In this scenario, SSB binds to the single 
stranded loop of a stable hairpin where lagging strand replication may be re-initiated. 
While copying along one arm of the hairpin hydrogen bonds are undone, the hairpin is 
destabilised and the initial replication block is resolved and normal DNA replication is 
resumed. Assuming that the entire trinucleotide repeat forms one large hairpin, 
McMurray (1995) suggests that an extra half-copy of the repeat is subsequently 
ligated to the preceding Okazaki fragment. In support of this, she points out that in a 
previous investigation she and her collegues had found that new mutations in HD are 
often expanded by one-half of the paternal premutation size (Goldberg et al. 1993). 
However, it is not clear from the model or the text in the paper why the entire repeat 
should fold into a hairpin; in other words why should expansion by this model 
necessarily result in an extra half-copy of the parental repeat. That perfect hairpins 
formed by palindromic sequences are not sufficient for expansion either contradicts 
this model or indicates that some inherent feature of the mismatched secondary 
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structure adopted by trinucleotide repeats, such as mechanism of formation, 
intermediate stability and protein binding, may somehow be crucial for trinucleotide 
repeat expansion. 
- 
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Figure 1-13. Lagging strand model for trinucleotide repeat expansion. A single-
stranded region forms on the lagging strand (A) which can adopt a hairpin structure 
(B) and blocks replication. Lagging-strand replication is re-initiated at the single-
stranded hairpin loop along one side of the hairpin resolving the hydrogen bonds (C). 
The inserted fragment is ligated to the preceding Okazaki fragment. The replication 
block is removed and replication at the fork is resumed replacing the inserted 
fragment (D). Another single-stranded gap is formed on the lagging strand before the 
next Okazald-fragment is initiated and A-D are repeated (E-F). Adapted from 
McMurray (1995). 
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1.4.2.4.3 Pausing of DNA Polymerase within CNG Repeats 
The analysis of topological features of DNA fragments and plasmids 
containing CNG repeats revealed that these sequences are highly flexible (Chastain et 
al. 1995). Bacolla et al. (1997) pointed out that high flexibility causes a concentration 
of supercoiling within the CNG repeat sequence as compared to flanking random 
sequences and the high degree of supercoiling could overwhelm topoisomerase and 
slow down the DNA polymerase complex possibly giving way to localised DNA 
slippage and reiterative DNA synthesis (Figure 1-14). DNA polymerase pausing in 
vitro has been observed at the Y-G-C consensus sequence (Mella and Chamberlin, 
1996) as well as near hairpins (Mytelka and Chamberlin, 1996), triplexes (Dayn et al. 
1992; Usdin, 1998) and tetraplexes (Usdin and Woodford, 1995; Usdin, 1998). 
5 1 
5.31 
Figure 1-14. Model for trinucleotide repeat expansion (Kang et al. 1995a). A 
replication block (DNA structure, bound proteins) causes the DNA polymerase to 
pause. The daughter strand dissociates from its template, folds into a hairpin and 
reanneals to the template at a wrong position. 
Using T7 DNA-polymerase or Kienow fragment of DNA polymerase i in a 
primer extension method Kang et al. (1995a) detected several pause sites in both 
strands of a (CTG) 130 repeat that were different for the two polymerases. With both 
enzymes, they found the strongest pause sites at the beginning of the repeat tract 
while a second cluster of pause sites was observed for Klenow fragment 37 
trinucleotides away. That pausing was inversely correlated to temperature suggested 
to the authors the presence of various secondary structures within the CTG sequence 
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that may hinder DNA replication in a DNA polymerase-specific manner that could 
lead to expansion (Figure 1-14). 
Also pausing within CAG repeats was clearly repeat-length dependent. Pause 
sites that occur in (CTG) 130 are not seen in (CTG) 50 and these authors determined the 
minimum length required for pausing as being 80 continuous trinucleotides. In these 
experiments they also showed that the distance between the primer and the first CAG 
or CTG affected the position of the pause site inasmuch as the closest primer caused 
the least amount of pausing and the pausing site was later in the trinucleotide repeat. 
Usdin (1998) extended investigations to single stranded NGG repeats and showed 
that they all form similar Ktdependent tetraplexes which caused strong blocks to 
DNA synthesis at the beginning of the repeat tract. 
In contrast, K-independent triplexes formed by (AGG) 20 caused various pause 
sites in the middle of the repeat. Using a single-stranded repeat sequence as template, 
DNA polymerase pausing in (CGG) 20, (AGG) 20 and (TGG) 20 repeats was very strong 
and temperature-independent over the range from 37 to 85 °C. DNA polymerase 
pausing has been observed with prokaryotic and eukaryotic DNA polymerases (Kang 
et al. 1995b) within numerous trinucleotide repeat sequences including such that are 
not involved in TREDs (Usdin, 1998). The latter suggests that rapid formation of a 
very stable structure that blocks DNA synthesis, such as a tetraplex, may not be 
sufficient for expansion. 
1.4.2.4.4 Other DNA Metabolic Pathways that Affect Repeat Stability 
Since the start of this project in October 1995, numerous other models have 
been suggested that involve recognition and/or repair of slipped or other secondary 
structures by prokaryotic andlor eukaryotic cellular factors. Most of these factors are 
involved in post-replicative mismatch repair (MMR), homologous recombination or 
structure-directed repair. As the effects of these mechanisms on CTG repeat 
instability have also been at the centre of this project selected models will be reviewed 
and discussed in the context of the conclusions drawn from the results of this project. 
Furthermore, DNA metabolic pathways of E. coli, such as MMR and secondary 
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structure directed repair by homologous recombmation will be introduced at the 
beginning of the appropriate Chapters, i.e. Chapter 3 and Chapter 4, respectively. 
1.5 Work in this Thesis 
This thesis describes investigations into the effects of mutations in genes 
involved in MMR (mutS, mutL, mutH), structure-directed repair (sbcCD) and 
homologous recombinatiori (recA, recG) on the stability of a (CTG) 43 trinucleotide 
repeat (which is at the lower border of the disease-causing range in humans) in the 
model organism E. coli in which these DNA repair pathways are biochemically and 
genetically relatively well understood. To study the influence of MMR on a short, but 
unstable CAG repeat was auspicious for several reasons. 
First, the mismatch recognition protein in E. co/i, MutS, recognises up to 4 
extrahelical bases in vitro (see Chapter 3). Concerning trinucleotide repeats, at least 
three questions remained. Do slipped structures in trinucleotide runs occur during 
replication in vivo? Are they recognised and repaired by the MMR system? Would 
repair be faithful? 
Second, in the course of a trinucleotide repeat cloning project carried out by 
Cathy Abbott and colleagues at the MRC Human Genetics Unit in Edinburgh 
(Molecular Medicine Centre, University of Edinburgh), a (CAG) 24 repeat embedded in 
some of its natural flanking sequence had been amplified from the mouse 
metallothionein-Ill (Mt-3) gene (Abbott and Chambers, 1994; see also Appendix, 
Figure 1) and had then been inserted into pUC18. After passage of the recombinant 
plasmid through a inutS-defective E. co/i strain a plasmid with an expanded repeat 
array with 41 CTG copies was obtained indicating a possible effect of MMR on CTG 
repeat expansion. 
Third, an investigation into the effects of MMR on the stability of very long 
CTG repeats (130 to 180 copies) was published by Jaworski et al. (1995) only a few 
month after the start of this project revealing that functional MMR destabilises very 
long repeats and that the formation of unusual secondary structures may be involved 
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in the deletion process. These results were unexpected because they contradicted the 
antimutagenic functioning of MMR. Furthermore, the assay used by Jaworski et al. 
only detected large deletion events and it was therefore unclear whether their results 
were in disagreement with observations of destabilisation of dinucleotide repeats inE. 
co/i (see above) and yeast (Strand et al. 1993). Moreover the propagation of such 
long repeats in E. co/i was highly problematic as it favoured rapid and large-scale 
repeat contraction which impaired the investigation of expansions. 
A plasmid carrying a (CTG) 43 repeat (see Appendix, Figure 2) was later 
isolated from the original (CTG)41 repeat population. The stability of a CTG repeat 
population derived from this (CTG) 43 repeat was studied over 14 days (approximately 
140 generations) in mutS, mutL and mutH single mutants and in wild-type E. co/i. In 
addition the effect of transcription on repeat instability was investigated in these 
mutants. The results of this investigation are presented in Chapter 3. A model for 
CTG repeat instability is proposed that reconciles apparently contradictory positions 
in the literature on the effects of MMR on CTG repeat instability. 
In Chapter 4 the possibility was tested that the (CTG) 43 repeat is a substrate 
for the structure-directed endonuclease activity of the SbcCD nuclease complex in E. 
coli. The idea for this study stems from the observation that mutations in sbcC or 
sbcD, the two genes in E. co/i coding for the SbcCD nuclease complex, can restore 
viability to E. co/i cells that carry long palindromic sequences on their chromosome 
(Leach, 1994). Subsequently, in vitro experiments in this laboratory confirmed that a 
hairpin that is formed by a palindromic sequence is recognised and cleaved by the 
SbcCD nuclease complex (Connelly et al. 1998) and in vivo experiments clarified that 
double strand breaks so generated by SbcCD are repaired by homologous 
recombination (Leach et al. 1997). We speculated, that during replication of (CTG) 43 
a hairpin may be formed which is cleaved by SbcCD and repaired by homologous 
recombination, and misalignment between the invading strand and the template might 
lead to contraction or expansion of the repeat. This might lead to repeat stabilisation 
in the absence of SbcCD. Alternatively, the absence of SbCCD could increase the 
frequency of deletions by permitting the polymerase to replicate across the base of the 
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unrepaired hairpin. Furthermore, it was investigated how the presence of SbCCD in 
the absence of homologous recombination (recN) affected CTG repeat instability. 
Chapter 5 may be viewed as a continuation of the experiments in Chapter 4.. It 
was investigated whether the viability of E. coli strains with chromosomal insertions 
of CTG repeats was recA-dependent. For this purpose, (CTG) 25 (CTG)43 and an 
interrupted 246-bp palindrome were cloned into bacteriophage X, and the frequency 
was measured with which these recombinant phage lysogenise recA and sbcCD single 
mutants and a recA sbcCD double mutant. 
Finally, a method is presented in Chapter 6 which was developed for the PCR-
free assessment of trinucleotide repeat instability on the chromosome of E. coli. 
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Materials and Methods 
2.1 Materials 
24.1 Microbiological Strains, Media and Solutions 
2.1.1.1 Strains of Bacteria and Bacteriophage X 
Table 2-1. Strains of phage X used in this work. 
Strain Description Notes 	Reference! 
Source 
?SKK43 palS' red3 gam210? gam1342::Kan 
imm2l (contains 246-bp palindrome, does Kulkarni 1990 
lysogenise but not form plaques on sbcC 
host) 
2TXF97 St Pierre and 
Linn, 1996 
ADRL246 A,TXF97, but contains Zeocin-resistance D. Leach 
marker (BglllJEcoRI) from pZeoSV2+ 
(Invitrogen) between BamHJJEcoRI sites 
XDRL278 ADRL246, but contains CTG repeat 1 	This work 
(EcoRIJEcoRI) from pDL9 13 in EcoRI site 
XDRL279 ?DRL246, but.contains CTG repeat 2 	This work 
(EcoRI/EcoRI) from pDL9 13 in EcoPJ site 
?DRL280 XDRL246, but contains CTG repeat 1 	This work 
(EcoRIJEcoRI) from pDL9 15 in EcoRI site 
?DRL28 1 XDRL246, but contains CTG repeat 2 	This work 
(EcoRTIEcoRI) from pDL915 in EcoRJ site 
XDRL282 ADRL246, but contains 246-bp palindrome This work 
(EcoPJJEcoRI) from pPAL43 in EcoRI site 
Notes: 
CTG sequence on leading strand when integrated into the E. coli chromosome 
CTG sequence on lagging strand when integrated into the E. coli chromosome 
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Table 2-2. Strains of E. coli used in this work. 
Designation Genetic Background Notes Reference/Source 
BHB2688 F recA ?J (AEam4 b2 red3 D. Leach 
imm434 clts Sam 7) 
BHB2690 F recA 2r  (ADam 15 b2 red3 D. Leach 
imm434 clts Sam 7) 
DL324 As JM83 1 D. Leach 
DL887 recA::Cm 1 D.Leach 
DL733 ttsbcCD::Kari 1 D. Leach 
DL902 mutS::TnlO 1 D. Leach 
DL936 mutL::TnlO 1 D. Leach 
DL1 179 mutH471::Tn5 1,2 This work 
DL927 mutL::Tn]O AsbcCD::Kan 1 D. Leach 
DL905 mutS::TnlO 	sbcCD::Kan 1 D. Leach 
N2677 As AB 1157, but pro 3 R. Lloyd 
N2679 As N2677, but sbcC201 1ac 3 Naom et al. 1989 
DL! 116 As N2677, but recG263::Kan 3 D. Leach 
DL1 117 As N2679, but recG263::Kan 3 D. Leach 
sbcC2O 1 
N2361 AsAB1157 3 Lloyd and Buckman, 
N2364 As AB1157, but sbcC201 3 Lloyd and Buckman, 
phoR::TnlO 
N2691 Fhis-4 argE3 leuB6 ara-14 3 Chalker et al. 1988 
lacYl gaiK2 xyi-5 (Strr) mtl- 1 
supE44 recA 269: :TnlO 
N2693 As N2691, but iac sbcC201 3 Chalker et al. 1988 
Notes: 
These strains are derivatives of JM83 (Yanisch-Perron et al. 1985), F ara zi(lac-
proAB) rpsL (Strr) [80d1ac A(iacZ)M15]. 
This strain was made by transduction of DL324 with P1 grown on WU3610 
mutH471::Tn5 (gift from B. Bridges, University of Sussex). 
These strains are derivatives of AB 1157 (Howards-Flanders and Theriot, 1966), 
F hisG4 argE3 A(gpt-proA)62 thr- 1 thi- 1 leuB6 kdgK5 1 rJbD 1 mgi-Si ara- 14 
lacYi galK2 xyl-5 mt/-i tsx-33 supE44 rpsL3 1 (Str'). 
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2.1.1.2 Media 
BBL Agar 
10 g Trypticase (Baltimore Biological Laboratories), 5 g NaCl, 10 g Bacto-agar 
(Difco) per litre, adjusted to pH 7.2 with NaOH. 
BBL Top Agar 
Same as BBL agar, but made with 6.5 g Bacto-agar (Difco) per litre. 
LB Agar 
10 g Bacto-tryptone (Difco), 5 g yeast extract (Difco), 10 g NaCl, 15 g Bacto-agar 
(Difco) per litre, adjusted to pH 7.2 with NaOH. 
LB Agar (Low Salt) 
As LB agar, but containing 5 g NaC1 per litre. 
Lc Agar 
10 g Tryptone, 5 g yeast extract, 5 g NaC1 and 10 g Difco-agar per litre. The pH was 
adjusted to 7.2 using NaOH. 
Lc Top Agar 
As Lc Agar, but containing 7 g Difco-agar. 
LA Agar 
As LB agar, but supplemented with 100 jig m1' ampicillin (SmithKline Beecham). 
LAI Agar 
As LA agar, but supplemented with 1 mM IPTG (see below). 
L Broth 
10 g Bacto-tryptone (Difco), 5 g yeast extract (Difco), 10 g NaCl per litre, adjusted 
to pH 7.2 with NaOH. 
LA Broth 
As L broth, but supplemented with 100 ig m1' ampicillin (see below). 
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LAI Broth 
As LA broth, but supplemented with 1 mM IPTG (see below). 
L Broth p/c for Plating Cultures 
L broth supplemented with 0.2 % (w/v) maltose and 5 mM MgSO4 . 
Phage Buffer 
3 g KH2PO4 , 7 g Na2HPO4 , 5 g NaCl, 1 mM MgSO4, 1 mM CaC12, 1 % (w/v) 
gelatine. 
TM Buffer 
10 mM Tris-HC1 (pH 7.5), 10 mM MgSO4 . 
2.1.1.3 Media Additives 
500 mM CaCl2 Stock 
Made up in sterile, distilled water, autoclaved. 
10 mM FeCl 3 Stock 
Made up in sterile, distilled water. 
1 M MgSO4 Stock 
Made up in sterile, distilled water, autoclaved. 
20% (wlv) Glucose Stock 
Made up in distilled water, filter sterilised. 
20% (w/v) Maltose Stock 
Made up in distilled water, filter sterilised. 
Ampicillin (100 mg mT') 
Amplcillin (Beecham Pharmaceuticals) was used at 100 tg miT' and stored at 
—20°C. 
Chloramphenicol (20 mg mt') 
Chloramphenicol (Sigma Chemical Company) was made up in 100 % ethanol and 
used at 50 tg ml'. It was stored at -20°C. 
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Kanamycin (50 mg mt') 
Kanamycin was made up in distilled, sterile water and used at 50 .tg m1 1 . It was 
stored at —20 °C. 
Zeocin (100 mg mt') 
Ready-to-use Zeocin solution (Invitrogen) was used at 10 pg ml* 
X-gal (40 mg mt') 
X-gal (5-bromo-4-chloro-3-indolyl-3-D-galactoside) (Melford Laboratories) was 
made up in DMF (N,N-dimethylformamicle) and stored at —20 °C. X-gal was used at 
40 pg ml'. 
IPTG (1 M) 
IPTG (isopropylthio--d-galactoside) (Melford Laboratories) was made up in 
distilled, sterile water and was used at a final concentration of 1 mlvi and stored at 
—20 °C. 
Vitamin B1(5mgmT') 
Vitamin Bi (Sigma Chemical Company) was made up in distilled water, filter 
sterilised and stored at 4 °C. 
2.1.1.4 Solutions for Microbiological Methods 
2.1.1.4.1 Solutions for Transformation of E. coli 
CaC12 (100 mM) 
made up in distilled water, autoclaved. 
MOPS-Glycerol 
100 mM MOPS [3-(4-morpholinyl) 1-propanesulfonic acid]-NaOH (Sigma Chemical 
Company, pH 6.5), 50 mM CaC12, 20 % (v/v) glycerol. 
2.1.1.4.2 Buffers for In Vitro Packaging of Phage ? DNA 
In vitro packaging of phage ?. DNA requires two extracts from lysogenic 
bacterial strains, BHB2688 and BHB2690, as well as buffers A and Ml. In the 
course of this work both bacterial extracts, sonicated extract and frozen-thawed 
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lysate, were prepared.( see 2.2.2.5.1 Preparation of Packaging Extracts) as described 
by Hohn (1979). 
Buffer A 
20 mM Tris/HC1 (pH 7.5), 3 mM M902,  0.05 % (v/v) f-mercaptoethano1, 1 mM 
EDTA (Diaminoethanetetra-acetic-acid disodium salt), stored at —70 °C. 
Buffer Ml 
6 mM Tris-HC1 (pH 7.5), 30 mM spermidine, 60 mM putrescine, 18 mM M902, 15 
mM ATP, 0.2 % (v/v) 3-mercaptoethanol, stored at —70 °C. 	- 
2.1.2 Materials for DNA Purification and Manipulation 
2.1.2.1 General Solutions 
500 mM EDTA Stock 
500 mM EDTA (Sigma Chemical Company), adjusted to pH 8 using glacial acetic 
acid, autoclaved. 
1 M Tris-HC1 Stock 
1 M Trisbase, adjusted to pH 7.5 using concentrated HCJ, autoclaved. 
10 mM Tris-HC1 
10 mM Tris base, adjusted to pH 8 using concentrated HC1, autoclaved. 
10 x Tris-Borat-EDTA-Buffer (pH 8) 
54g Tris-base, 27.5 Boric acid (Fisher Scientific), 20 ml of 500 mM EDTA per litre. 
10 x Tris-EDTA Buffer 
100 mM Tris-base (Sigma Chemical Company), 10 mM EDTA, adjusted to pH 7.5 
with concentrated, autoclaved. 
3M Sodium Acetate (pH 5.3) 
0.19 volumes of sterile 3M acetic acid were added to 0.81 volumes of sterile 3 M 
sodium acetate, autoclaved. 
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BSA (Bovine Serum Albumin) 
BSA (New England Biolabs) was supplied at a concentration of 20 mg m1 and 
stored at —20 °C. 
2.1.2.2 Solutions for DNA Preparation 
2.1.2.2.1 Solutions for Preparation of Plasmid DNA from E. coli 
The following solutions supplied in the QIAGEN Plasmid Maxi and 
QIAGEN Plasmid Mini Spin kit were used for the preparation of plasmid DNA from 
100-mi and 5-nil overnight cultures (see below) of E. co/i , respectively. The recipes 
for wash buffers PB and PE were not provided by the manufacturer. 
Resuspension Buffer P1 
50 mM Tris-HC1 (pH 8.0), 10 mM EDTA, 100 pg m1 RNase A, stored at 4 °C. 
Lysis Buffer P2 
200 mM NaOH, 1 % (w/v) SDS (sodium dodecyl sulphate), stored at room 
temperature. 
Neutralisation Buffer N3 
3 M potassium acetate, pH 5.5. 
Equilibration Buffer QBT 
750 mM NaCl, 50 mM MOPS (pH 7.0), 15% (v/v) ethanol, 0.15 % (v/v) Triton X-
100. 
Wash Buffer QC 
1 M NaCl, 50 mM MOPS (pH 7.0), 15 % (v/v) ethanol. 
Elution Buffer QF 
1.25 M NaCl, 50 mM Tris-HC1 (pH 8.5), 15 % (v/v) ethanol. 
2.1.2.2.2 Solutions for the Preparation of Genomic DNA from E. coli 
The Bacterial Genomic DNA Purification Kit (Advanced Genetic 
Technologies Corp.) was used to extract high molecular weight chromosomal DNA 
from 5-mi overnight cultures of E. co/i. AdvamaxTM beads (1.5 % (w/v) latex) and 
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the solutions listed below were supplied by the manufacturer. Information on the 
composition of solutions was limited. 
Spheroplast buffer 
contains lysozyme, RNase, Sucrose, Tris and EDTA (pH8) 
Lysis buffer 1 
contains SDS 




2.1.2.2.3 Solutions for the Preparation of Bacteriophage A-DNA 
The Lambda DNA Mini- and Maxi Kits (QIAGEN) were used for the 
preparation of phage A DNA from plate lysates. All solutions were supplied by the 
manufacturer. Buffers were stored at room temperature unless otherwise stated. 
Buffers QBT, QC and QF (see 2.1.2.2.1 Solutions for the Preparation of Plasmid 
DNA from E. coli) are also required for the preparation of phage A DNA. 
Buffer Li 
300 mM NaCl, 100 mM Tris-HC1 (pH 7.5), 10 mM EDTA, 0.2 mg m11 BSA, 20 mg 
mF' RNase A, 6 mg mF' DNase 1, stored at 4 °C. 
Buffer L2 
30 % (w/v) polyethylene glycol (PEG 6000), 3 M NaCl. 
Buffer L3 
100 mM NaCl, 100 mM Tris-HC1 (pH 7.5), 25 mM EDTA. 
Buffer IA 
4 % (w/v) SDS. 
Buffer L5 
3 M potassium acetate (pH 5.5) 
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2.1.2.3 Solutions for Gel Electrophoresis 
2.1.2.3.1 Agarose Gel Electrophoresis 
TBE Gel Electrophoresis Buffer (10 x) 
0.89 M Tris-HC1, 20 mM EDTA (pH 8.0) 
Agarose Gel Loading Buffer (5 x) 
20 % (v/v) sterile glycerol, 0.05 % (w/v) bromophenol blue. 
Ethidium-Bromide Solution (50 x) 
1 % (w/v) ethidium bromide in sterile, distilled water. 
2.1.2.3.2 Polyacrylamide Gel Electrophoresis 
5 % Long RangerGel Solution for Native Gels (1.2 x TBE) 
8.4 ml of 10 x TBE buffer, 7 ml of 50 % Long RangerTm gel solution (Flowgen), 
54 ml of distilled water. 
5% Long RangerTm Solution for Sequencing Gels (1.2 x TBE) 
8.4 ml of 10 x TBE buffer, 7 ml of 50 % Long RangerTM Gel solution (Flowgen), 30 
g urea, volume adjusted to 70 ml with distilled water. 
0.6 x TBE Gel Running Buffer 
60 ml of 10 x TBE buffer stock solution, 940 ml of distilled water. 
10 % (w/v) AMPS 
10 % (w/v) AMPS (ammonium persulphate; Sigma Chemical Company) was freshly 
prepared in distilled water. 
TEMED 
TEMED (N-N-N' -N' -tetra-methyl- 1 ,2-diamino-ethane) (Sigma Chemical Company) 
was stored at 4 °C. 
Polyacrylamide Gel Loading Buffer (10 x) 
95 % Formamide, 20 mM EDTA, 0.05 % (wlv) bromophenol blue 
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Dextran blue loading buffer 
This loading buffer was used for f-TRAMP (see Chapter 6) and was supplied with 
the internal lane standard GENESCAN25OOTM ROX (Perkin Elmer). 1 ml contains: 
50 mg of Ficoll 400-DL, 1.7 mg of dextran sulphate, 8.3 mg of blue dextrañ, 
buffered with 2 x TBE. 
2.1.2.4 Enzymes and Buffers 
2.1.2.4.1 Restriction Endonucleases and Incubation Buffers 
All restriction endonucleases, listed in Table 2-3, were incubated with the 
buffers provided by the suppliers at the temperatures recommended in the 
manufacturer's instructions. 
Table 2-3. Restriction endonucleases used in this work. 
Enzyme Cleavage Site (5'— 3') Supplier 
EcoRI G/AATTC New England Biolabs 
CTTAA/G 
Sau3A /GATC Boehringer Mannhejm 
CTAG/ 
PvuII CAG/CTG Boehringer Mannheim 
GTC/GAC 
MboII GAAGA (N) 8 / Boehringer Mannheim 
CTTCT(N)7/ 
DdeI C / TNAG Boehringer Mannheim 
GANT/C - 
2.1.2.4.2 Thermophilic and Other DNA Polymerases 
Taq DNA Polymerase (5U pr') 
Taq DNA Polymerase (Boehringer Mannheim) was used with 1 x PCR reaction 
buffer as supplied by the manufacturer. Enzyme and buffer were stored at - 20 °C. 
DNA Polymerase I Large (Kienow) Fragment 
In this work, Kienow enzyme [supplied concentration: 2 U j.t1' (Boehringer 
Mannheim)] was used after incubation of plasmid DNA with EcoRI restriction 
endonuclease [20 U .t1 1 (New England Biolabs)] in EcoRI buffer (50 mM NaCl, 100 
mM Tris-HC1, 10 mM MgCl2, 0.025 % (v/v) Triton X-100, pH 7.5). Klenow enzyme 
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was added to unpurified reaction mixtures containing EcoRI and 1 x EcoRI 
restriction endonuclease buffer. 
2.1.2.4.3 Other Enzymes 	- 
T4 DNA Ligase 
T4 DNA Ligase (Boehringer Mannheim) was incubated in the Ligase buffer supplied 
by the manufacturer (Boehringer Mannheim). 
Shrimp Alkaline Phosphatase 
Shrimp Alkaline Phosphatase [4 U .t1' (United States Biochemical)] was used with 
EcoRI restriction endonuclease buffer (50 mM NaCl, 100 mM Tris-HC1, 10 mM 
MgC12 , 0.025 % (v/v) Triton X-100, pH 7.5). 
2.1.2.5 Plasmids and Synthetic Oligonucleotides 
Table 2-4. Plasmids used in this work. 
Plasmid Description Notes Reference/Source 
pUC19 Marker: Amp Yanisch-Perron et al. 
1985 
pUC18 Marker: Amp Yanisch-Perron et al. 
1985 
pDL913 pUC18, but (CTG) 25 in EcoRI site 1,2 D. Leach 
pDL913R pUC18, but (CTG) 25 in EcoRI site 1,3 D. Leach 
pDL915 pUC18, but (CTG) 43 in EcoRI site 1,2 D. Leach 
pDL915R but (CTG)43 in EcoRI site 1,3 D. Leach 
pPAL43 but 246-bp palindrome This work 
from 2LSKK43 in single EcoRI site 
Notes 
For nucleotide sequence of EcoRI fragments containing (CTG) n  repeats or the 
246-bp palindrome see Appendix, Figures 2 and 3, respectively. 
Orientation A: CTG repeat on the leading strand during replication. 
Orientation B: CTG repeat on the lagging strand during replication. 
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Table 2-5. Synthetic oligonucleotides for PCR and primer extension reactions. All 
oligonucleotides designed in the course of this work were synthesised by OSWEL 
DNA Service (University of Southampton, UK). 
ID Sequence (5' -* 3') Modification Reference/ 
Source 
GENOME1 CGTAGGTCTCTGATCTCCAGG none This work 
GENOME2 GAGCTCGGATCCACTAGTCC none This work 
FAM-T2049 GCATCfl'GGGAGCATClTFG 5'-FAM dye This work 
HEX-T2049 GCATCTI'GGGAGCATCTVFG 5'-HEX dye This work 
M6833 CCCCTITCTAGCCTFCTFCA none Abbott and 
Chambers 
(1994) 
M6834 T1TGGTCCAAACGGGATGCT none Abbott and 
Chambers 
(1994) 
ORIENT AGCTCGAATTCAG1TT'GGTC none This work 
596L GACTGGAAAGCGGGCA none D. Leach 
2.1.2.6 Radionucleotides 
[a— 35j  dATP 
[a-35S] dATP was supplied by the manufacturer (ION) at a concentration of >1000 
Ci mmol 1 in 5 mM Tris-HC1 (pH 7.4-7.5). The [a-35 S] dATP-IsbblueTM formulation 
includes proprietary dye and stabiliser and could be stored at 4 °C. 
2.1.2.7 Materials and Solutions for DNA Amplification 
dNTP-4 Stock Solution (10 x) 
dNTP-4 stock solution was a mixture of dATP, dTTP, dGTP and dCTP (Boebringer 
Mannheim), each at a concentration of 2 mM, prepared with sterile distilled water 
and stored at —20 °C. 
dNTP-3 Stock Solution (10 x) 
dNTP-3 stock solution was a mixture of dTTP, dGTP and dCTP (Boehringer 
Mannheim), each at a concentration of 2 mM, prepared with sterile, distilled water 
and stored at —20 °C. 
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ddATP Stock Solution (10 x) 
ddATP was supplied by Boehringer Mannheim at a concentration of 100 mM. The 
10 x ddATP stock solution containing 1 mM ddATP was prepared with sterile, 
distilled water and stored at - 20 °C. 	- 
Mineral Oil 
Sterile mineral oil (Sigma Chemical Company) was stored protected from light at 
room temperature. 
BiolOptimiserTmKitfor the Rapidcycler 
Reaction buffers in this optimisation kit (Bio/Gene Ltd) vary in the concentration of 
Mg2 (1-5 mM). Some buffers contain Ficoll and dye to accommodate direct loading 
of the reaction mix onto an agarose gel for analysis. 
lOx BSA 
BSA at a concentration of 5 mg mf' is provided in the Bio/Optimiser kit (Bio/Gene 
Ltd) and is used at a final concentration of 500 .tg ml* 
2.1.2.8 Materials and Solutions for DNA Sequencing 
2.1.2.8.1 Manual DNA Sequencing 
Manual DNA sequencing was carried out using the Sequenase®v2.0  Sequencing kit 
(United States Biochemicals). Primer sequences are shown in Table 2-5. 
Sequenase Buffer (5 x) 
200 mM Tris/HC1 (pH 7.5), 100 mM MgCl2,  250 mM NaCl. 
DTT 
0.1 M DTT (1,4 dithio-threitol) prepared in distilled water. 
Labelling Mix (5 x) 
7.5 jtM dGTP, 7.5 pM dCTP, 7.5 pM dTTP. 
ddG Termination Mix 
80 pM dGTP, 80 pM dATP, 80 .tM dCT'P, 80 jiM dTTP, 8 jiM ddGTP, 50 mM 
NaCl 
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ddA Termination Mix 
80 pM dGTP, 80 pM dATP, 80 pM dCTP, 80 p.M dTTP, 8 p.M ddATP, 50 mM 
NaCl 
ddT Termination Mix 
80 p.M dGTP, 80 p.M dATP, 80 p.M dCfl'P, 80 p.M dTTP, 8 p.M ddTTP, 50 mM 
NaCl 
ddC Termination Mix 
80 p.M dGTP, 80 p.M dATP, 80 p.M dCTP, 80 p.M dTTP, 8 p.M ddCTP, 50 mM 
NaCl 
Enzyme Dilution Buffer 
10 mM TrisfHCl (pH 7.5), 5 mM DTT, 0.5 mg ml' BSA 
Stop Solution 
95 % formamide, 20 mM EDTA, 0.05 % (wlv) bromophenol blue, 0.05 % (w/v) 
xylene cyanol. 
2.1.2.8.2 Automated DNA Sequencing 
Automated sequencing was carried out using the ABI PRISM ® Dye Terminator 
Cycle Sequencing Ready Reaction• Kit (Perkin Elmer). Sequencing reactions were 
analysed on a ABI PRISM 377 DNA Sequencer (Perkin Elmer). 
2.1.2.9 Materials and Solutions for Plaque Hybridisation 
The DIG DNA Labelling and Detection Kit (Boehringer Mannheim) was 
used in a non-radioactive protocol to screen phage ? plaques for the presence of 
CTG trinucleotide repeat arrays. 
Hexanucleotide Mix (10 x) 
62.5 A260 nil in reaction buffer. 
dNTP Labelling Mixture (10 x) 
1 mM dATP, dCTP, dGTP (each), 0.65 mM CITTP, 0.35 mM DIG-II-dUTP- 
alkalilabile. 
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0.5NNaOH 
Made up by diluting 25 ml of 10 N NaOH in 500 ml distilled water. 
Neutralisation buffer 1 
0.1 M NaOH, 1.5 M NaCl 
Neutralisation buffer 2 
0.5 M Tris-HC1, 1.5 M NaCl (pH 7.5) 
Solution 3 
2 x SSC (sodium saline citrate), prepared by 10-fold diluting 20 x SSC. 
20 x SSC: 175.3 g of NaCl and 88.2 g of sodium citrate are dissolved in 800 ml of 
sterile distilled water and adjust pH to 7.0 with 10 N NaOH and adjust the volume to 
11 with sterile distilled water. 
Easy-Hyb - Hybridisation Buffer 
Easy-Hyb (Boebringer Mannheim) is a 'Ready-to-Use' hybridisation solution, stored 
at room temperature. 
Wash Buffer 1 
2 x SSC (see solution 3), 0.1 % (wlv) SDS (AMRESCO, Ohio) 
Wash Buffer 2 
1 x SSC, 0.1 % (wlv) SDS 
Detection Solution 1 (10 x) 
0.1 M Maleic acid, 0.15 M NaCl, 0.3 % (vlv) Tween 20. 
10% (w/v) Blocking Reagent 
Block solution was made up by mixing 10 g of blocking reagent (Boehringer 
Mannheim) with 100 ml of detection buffer 1 and then warming it up to 50-70 °C to 
dissolve. The solution was autoclaved and stored at 4 °C. 
Detection Solution 2 
0.1 M Maleic acid, 0.15 M NaCl, 1 % (w/v) block solution. 
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Detection Solution 3 
lj.il of Anti-DIG-AP-Conjugate was added to 30 ml of detection buffer 2. This 
solution was always made freshly. 
Detection Solution 4 
0.1 M Tris-base, 0.1 M NaCl, 0.05 M MgC12, adjusted to pH 9.5 before use. 
CDP-Star Tm (25 mM, 100 x) 
CDP-Star 	[ Disodium-4-chloro-3-(methoxyspiro { 1 ,2-dioxetane-3 ,2' -(5' -chloro) 
tricyclo [3.3.1.1 •3.7]  decan ) -4-yl) phenyl phosphate] was supplied with the DIG-DNA 
labelling kit (Boehringer Mannheim) 
Detection Solution 4+ CDP-Star TM  
Per filter, 0.6 p.1 of CDP-StarTm were mixed with 265 p.1 of detection buffer 3. 
2.2 Methods 
2.2.1 Bacterial Methods 
2.2.1.1 Storage of Bacteria 
Glycerol stocks E. coli strains were prepared in 1.5-mi Eppendorf tubes by 
adding 0.5 ml of sterile 100 % glycerol to 1 mIof a stationary phase bacterial culture. 
The tube was sealed with parafilm, labelled and stored at - 70°C. 
Dry agar stocks of E. coli strains serve as a back-up to the glycerol stocks. 
They were made from a purified colony that was picked with a sterile tooth-pick 
from a freshly streaked LB agar plate. The colony was transferred to a small 2-mi 
plastic tube filled with LB agar, sealed with parafilm and incubated overnight at 37 
°C. This tube was then stored at room temperature. 
2.2.1.2 Growth of Overnight Cultures 
To make overnight cultures of E. coli the desired strain was streaked out on 
LB agar plates from a frozen glycerol stock to obtain single colonies. A bacterial 
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culture was grown overnight by inoculating 5 ml of L broth with a single colony 
from the LB agar plate and shaking at 37 °C. 
2.2.1.3 Preparation of Plating Cultures 
E. coli cultures for the plating of bacteriophage ? particles were made by 
diluting a fresh overnight culture of the appropriate E. coli strain 10-fold in L broth 
p/c. The culture was grown with shaking at 37 °C for 2 to 2.5 hours and diluted 2-
fold in TM buffer. Plating cultures were stored at 4 °C for up to 48 hours. 
2.2.1.4 Preparation and Storage of CaC1 2-Competent E. coli Cells 
Competent cells were made by diluting an overnight culture of the 
appropriate E. coli strain 10-fold in 20 ml of L broth. The culture was grown shaking 
at 37 °C until 0D650 = 0.4 to 0.5 was reached. The cell culture was incubated on ice 
for 20 minutes and then centrifuged at 5 krpm for 5 minutes at 4 °C (Centra-3, 
International Equipment Company, UK). The supernatant was discarded and the cell 
pellet was resuspended in 5 ml of ice-cold 100 mM CaC1 2 . This step was followed by 
centrifugation at 5 krpm for 5 minutes at 4 °C and the supernatant was removed. The 
cell pellet was again resuspended in 5 ml of ice-cold 100 mM CaC1 2 and incubated 
on ice for 20 minutes. After centrifugation at 5 krpm for 5 minutes at 4 °C the 
supernatant was discarded and the cell pellet resuspended in 400 p.1 of MOPS-
glycerol solution. Aliquots of 200 p.l were dispensed into pre-cooled 1.5-mi 
Eppendorf tubes. Tubes were immediately transferred to —70 °C. 
2.2.1.5 Transformation of CaC12-Competent E. coli Cells 
CaC12-competent cells of the appropriate E. coli strain were thawed on ice. 
100 ng (1 p1) of plasmid DNA were added to 100 p.! of CaC1 2-competent cells and 
the mixture was vortexed (Whirli mixer, Fisons Scientific Apparatus Ltd.) for 1 
second. After 20 minutes incubation on ice the DNA/cell mixture was heat-shocked 
at 41 °C for 90 seconds. It was then put on ice for no more than 2 minutes. The 
transformation mixture was plated on LB agar plates • supplemented with the 
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appropriate antibiotics to select for transformants. The plates were incubated at 37 °C 
overnight. 
2.2.1.6 Transfer of Mutations between E. coli Strains by Pi 
Transduction 
Upon infection of E. coli cells phage P1 packages random fragments of the 
bacterial chromosome (up to 2 minutes) into phage particles which can be injected 
into the recipient E. co/i strain (for review see Margolin, 1987). Hence, the transfer 
of a mutation of interest from one E. coli strain to another can be achieved by P1 
transduction. For that purpose, a P1 lysate was grown on a E. coli strain that carries 
the mutation of interest and a cotransducible selective marker, such as a TnlO or Tn5 
insertion. The recipient E. co/i strain is then transduced with the P1 lysate. 
Transductants are identified by selection for the cotransduced marker. The presence 
of the mutation of interest is then confirmed by testing for the mutant phenotype. 
2.2.1.6.1 Preparation of P1 Plate Lysate 
A fresh overnight culture of the appropriate E. co/i strain was diluted 10-fold 
in fresh L broth supplemented with 2.5 mM CaC12 . This culture was grown for 2 
hours at 37 °C with shaking. Of this culture 200 p1 were added to 100 p1 of P1 lysate 
(107 pfu mr'). After incubation at 37 °C for 30 minutes 2.5 ml of LB top agar 
containing 5 mM CaC12 were added to the phage/bacteria mixture and poured onto a 
fresh LB agar plate, also supplemented with 5 mM CaCl2 . After incubation at 37 °C 
for 6 to 8 hours, 5 ml of phage buffer were applied onto the plate, the top agar was 
scraped off and filled into a 30-mi glass bottle containing 100 tl of chloroform. The 
mixture was vortexed and then incubated at room temperature for 30 minutes. After 
centrifugation at 5 krpm for 10 minutes the clear supernatant was transferred to a 
sterile 5-mi McCautney bottle containing 200 p1 of chloroform. The P1 lysate was 
stored at 4 °C. 
2.2.1.6.2 P1 Transduction 
An overnight culture of the recipient E. co/i strain was grown in 5 ml of L 
broth supplemented with 2.5 mM CaC12. 1-mi aliquots of this culture were 
transferred to 1.5-mi Eppendorf tubes and cell pellets were obtained by 
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centrifugation at 9 krpm for 5 minutes. The supernatant was removed from each tube 
and each cell pellet was resuspended in 100 p.! of L broth containing 2.5 mM CaC12 . 
To the first tube 100 p.1 of undiluted P1 lysate were added while 100 p.l of a 10-fold 
dilution of the P1 lysate were added to the second tube. 100 p.1 of phage buffer were 
added to the third tube which served as a negative control. A fourth tube contained 
100 p.1 of undiluted P1 lysate, but no recipient. All four tubes were incubated at 37 
°C for 20 minutes. Then 800 p.1 of L broth supplemented with 2 mM sodium citrate 
(to stop P1 infection) were added to each tube and incubation was continued at 37 °C 
for 60 minutes. Of all four transduction mixtures, 100 p.l of a 102  dilution and 100 p.1 
of the undiluted transduction mixture were plated on LB agar plates containing the 
appropriate antibiotic drug for selection of transductants. 
Plating of recipient cells (tube 3) and of P1 lysate (tube 4) alone should not 
yield any colonies that are resistant to the appropriate antibiotic drug. Only if this 
was the case, single antibiotic-resistant colonies that had been obtained by plating 
transduction mixtures from tubes •  1 and 2 were purified and tested for the mutant 
phenotype. Glycerol stocks of purified transductants were stored at —70 °C (see 
2.2.1.1 Storage of Bacteria). 
2.2.2 Bacteriophage 2 Methods 
2.2.2.1 Picking Phage A Plaques 
In a ¼ oz McCautney glass bottle, 1 ml of phage buffer was mixed with 10 p.l 
of chloroform. A single, isolated plaque was picked from a BBL agar plate using a 
sterile glass Pasteur pipette. The plaque was ejected from the pipette into the phage 
buffer/chloroform mixture and was left standing at room temperature for 2-3 hours 
for the phage particles to diffuse out of the agar blOck into the buffer. The phage 
suspension was stored at 4°C. 
2.2.2.2 Plating and Titring Phage ? 
Dilutions of phage suspensions ranging from 10.2  to 10 were made in phage 
buffer. Sometimes, when an approximation of the phage titre was sufficient, spotting 
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small volumes of diluted phage suspensions on the bacterial lawn of a single BBL 
agar plate was adequate. In this case, 200 jil of a plating culture of the appropriate E. 
coli strain were added to 2.5 ml of molten BBL top agar and immediately poured 
onto a fresh, but dried, BBL agar plate. After the BBL top agar had set, 10 111 of 
several phage dilutions usually ranging from 10 to 10 9 were spotted onto the agar 
plate. The agar plates remained on the bench for about 20 minutes or until the spots 
had dried. The plaques in each spot were counted and the phage titre calculated after 
incubation overnight at 37 °C. 
If an accurate measurement of the phage titre had to be achieved (e.g. for the 
measurement of the lysogenisation frequency of the phage) 100 jil of serial dilutions 
ranging from 10 to 10 were added to 250 p1 of plating culture. After incubation at 
room temperature for 20 minutes 2.5 ml of molten BBL top agar were added to the 
phage/bacteria mixture and immediately poured onto a fresh, dried BBL agar plate. 
Plaques were counted after incubation at 37 °C overnight. 
2.2.2.3 Preparation of Plate Lysate Stocks of Phage ? 
In order to obtain plate lysates with high titres of phage X confluent lysis of 
the bacterial lawn was desirable. This was facilitated if Lc agar plates were poured 
just 1 hour before they were used. 50 tl to 300 p1 of phage suspension containing 
approximately 105- 106  pfu were added to 250 p1 of plating culture of the appropriate 
E. coli strain. This mixture was incubated at room temperature for 10 minutes. To it 
2.5 ml of molten Lc top agar were added and the mixture was poured onto fresh, wet 
Lc agar plates which had just set. The agar plates were incubated at 37 °C for 4 to 10 
hours or until the plaques started to touch each other. When confluent lysis of the 
bacterial lawn was achieved 5 ml of TM buffer were poured onto the agar plate and 
the top agar was scraped off using a blue pipette tip. All liquid and the top agar were 
transferred to a 30-mi McCautney bottle and 50 p1 of chloroform were added. The 
suspension was vortexed and stored overnight at 4°C. The suspension was 
centrifuged at 5 krpm for 10 minutes and the supernatant was decanted into small 
glass bottles and treated again with chloroform (10 lil nil'). The phage stock was 
titred and stored at 4 °C. 
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2.2.2.4 Lysogenisation of E. coli 
Lysogenisation was generally carried out at high multiplicity of infection 
(MOl = 10). For that purpose, a mixture of 200 jii of plating culture (approx. 2 x 10 8 
cells) and 200 p1 of phage suspension (approx. 2 x 10 pfu) was incubated at 37 °C 
for 45 minutes. Then, serial dilutions of the mixture were prepared in phage buffer 
and 100 j.il of dilutions 10 and 10 were spread on LB agar plates supplemented 
with the appropriate antibiotic. In this work all ? phages used for lysogenisation of E. 
coli conferred resistance to the antibiotic drug Zeocin (Invitrogen Inc.). This required 
the use of LB agar plates with reduced content of sodium chloride (low salt LB agar). 
Immediately after plating culture and phage suspension had been mixed, dilutions, 
usually 104  and 10, of the plating cultures were plated on LB agar plates to 
measure the number of viable cells. This count was necessary to later determine the 
exact frequency of lysogenisation (see formula below). Plates were incubated at 37 
°C overnight. 
frequency of lysogenisation = 
number of lysogens mF 1 
number of viable cells mF' 
2.2.2.5 In Vitro Packaging of Phage XDNA 
2.2.2.5.1 Preparation of Packaging Extracts 
Sonicated Extract 
The lysogenic E. co/i strain BHB2690 was grown at 30 °C under vigorous 
shaking in 500 ml of L broth until it reached 0.13.650 = 0.3. The culture was 
transferred to a 43 °C shaking waterbath for 15 minutes to induce bacteriophage X. 
After 1 hour of incubation under vigorous shaking at 37 °C the culture was placed on 
ice/water for 10 minutes. This was followed by centrifugation at 6 krpm for 6 
minutes at 4 °C (Sorvall centrifuge, GSA rotor). The supernatant was discarded and 
the cell pellets were resuspended in 1/500 volume of buffer A. The cell suspension 
was then transferred to a 30 ml Nalgene polypropylene centrifuge tube and 2.6 ml of 
buffer A was added. The suspension was sonicated in —3 second bursts until the 
suspension was no longer viscous. After centriftigation at 6 krpm for 6 minutes at 4 
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°C (Sorvall centrifuge, SS34 rotor) aliquots of 50 tl were dispensed into pre-cooled 
Eppendorf-tubes, frozen on liquid N 2 and stored at —70 °C. 
Frozen- Thawed-Lysate 
The lysogenic E. coli strain BHB2690 was grown at 30 °C under vigorous 
shaking in 500 ml of L broth until it reached O.D. 650 = 0.3. The culture was 
transferred to a 43 °C shaking waterbath for 15 minutes to induce bacteriophage X. 
After 1 hour of incubation under vigorous shaking at 37 °C the culture was placed on 
ice/water for 10 minutes. This was followed by centrifugation at 6 krpm for 6 
minutes at 4 °C (Sorvall centrifuge, GSA rotor). Each cell pellet was resuspended in 
1/100 volume 10% (w/v) sucrose, 50 mM Tris-HC1 (pH 7.5). All suspensions were 
combined in a Nalgene ultracentrifuge tube. 150 tl of freshly prepared lysozyme (10 
mg m1' in 250 mM Tris-HC1, pH 7.5) was added, gently mixed and frozen 
immediately in liquid N2 . The mixture was then thawed at room temperature and 
soon shifted to 4°C until the pellet was thawed completely. While gently mixing on 
ice, 150 il of buffer Ml was added and this was followed by centrifugation at 40 
krpm for 1 hour at 4 °C (Sorvall ultracentrifuge, Ti50 rotor). 55 tl were dispensed 
into pre-cooled Eppendorf tubes, frozen on liquid N 2 and stored at —70 °C. 
2.2.2.5.2 Packaging 
Modified X. DNA was packaged using packaging extracts prepared from E. 
coli strains BHB2688 and BHB2690 (see above). Packaging extracts from the two 
lysogens were thawed on ice and combined with buffers A, Ml and phage X DNA in 
the following order: 
2.5 j.il of DNA precipitated from the ligation reaction 
7 tl of buffer A 
2 pJ of buffer Ml 
10 tl of sonicated extract 
10 jil of freeze-thaw lysate 
The mixture was incubated at 25 °C for 1 hour. Phage buffer was added to the phage 
suspension to obtain a final volume of 500 tl and 1, 10 and 200 jil of this phage 
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suspension were used to infect 200 tl of DL733 (&bcCD) plating culture to measure 
the titre. 
2.2.3 Non-Radioactive In Situ Plaque Hybridisation 
In the course of this work three DNA sequences including trinucleotide repeat 
arrays and a palindromic sequence were cloned into ADRL246. The DNA fragment 
whose cloning had been attempted was non-radioactively labelled and used as a 
probe in a screen for recombinant ? phages. DNA fragments were labelled using the 
DIG-DNA Labelling Kit (Boehringer Mannheim) by following the manufacturers 
instructions. The procedure relies on the detection of hybridised DNA probes which 
have been labelled by incorporation of DIG-11-dUTP using a random priming 
method and Klenow enzyme. 
2.2.3.1 Preparation of a DIG-Labelled Hybridisation Probe 
15 p1 to 30 p1 of gel-extracted DNA were transferred into a 0.5-mI Eppendorf 
tube, boiled for 10 minutes in a waterbath and then immediately placed on ice for 3 
minutes. 3.3 tl of 10 x Hexanucleotide mixture, 3.7 91 of 10 x dNTP labelling mix 
and 2 U Klenow enzyme (all Boehringer Mannheim) were added to the denatured 
DNA fragment, mixed thoroughly and incubated at 37 °C overnight. This labelling 
reaction was inactivated by adding 1.5 p1 of 0.5 M EDTA. The DNA probe was 
ethanol-precipitated (see 2.2.4.1.1 DNA Precipitation). The pellet was dissolved in 
50 p1 of 1 x TE complemented with 1 j.tl of 5 % (w/v) SDS, vortexed, centrifuged 
and stored at —20 °C. DIG-labelled DNA fragments were used as hybridisation 
probes for up to six month. 
2.2.3.2 Plaque Transfer onto Nylon Membranes 
Round Hybond-N Nylon membranes (Amersham Life Science) were 
labelled so that later the exact position of a membrane on the conesponding agar 
plate could be identified. The labelled membrane was carefully placed on a BBL agar 
plate. After 2 minutes the membrane was transferred onto two layers of blotting 
paper (Fords Gold Medal Blotting, 140 g (m 2 '] which had been moistened with 
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some 0.5 N NaOH and were lying on a piece of Saranwrap (The Dow Chemical 
Company). To ensure complete denaturation it had to be made sure there were no air 
bubbles or creases in the blotting paper and the paper was reasonably wet. After 5 
minutes on the denaturation paper the membranes were washed in neutralisation 
buffers 1 and 2 for 20 and 40 seconds, respectively. Membranes were then washed in 
2 x SSC for another 20 seconds. The membranes were dried briefly between two 
pieces of blotting paper and then moistened on a piece of blotting paper soaked with 
2 x SSC. The DNA was cross-linked by exposing the membranes to 3 x 120 mJ using 
a UV-Stratalinker (Stratagene). 
2.2.3.3 DNA Hybridisation 
The membranes were moistened with some sterile distilled water and 
transferred to a plastic bag. 24 ml of Easy-Hyb ®  buffer were added to the bag and the 
bag was sealed. The membranes were pre-hybridised at 37 °C for 1 hour. In the 
meantime, a mixture of 4 tl of DIG-labelled probe and 100 Ri  of Easy-Hyb® buffer 
was boiled for 10 minutes, and then placed on ice/water. After the 1 hour incubation 
period was complete, the 24 ml of Easy-Hyb ® buffer were removed from the plastic 
bag. The entire volume of boiled probe was added to 5.5 ml of fresh EasyHyb® 
buffer and added to membranes in the plastic bag. The membranes were incubated 
with the probe at 37 °C overnight. 
2.2.3.4 Washing the Membranes 
After overnight incubation the membranes were removed from the plastic bag 
and placed in a small plastic tray. The membranes were washed in 100 ml of wash 
buffer 1 at room temperature for 5 minutes with shaking. This first wash step was 
repeated using a further 100 ml of wash buffer 1. Then the membranes were washed 
twice for 15 minutes in wash buffer 2 with continuing agitation. 
2.2.3.5 Signal Detection Using CDP-StarTm  
The membranes were washed for 2 minutes in detection buffer 1 before they 
were incubated with 100 ml of detection buffer 1 containing 1 % (w/v) blocking 
reagent. After shaking for 30 minutes, all liquid was removed from the tray and 30 
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ml of detection solution 3 containing the Anti-DIG-AP-Conjugate were added to the 
membranes and incubated for a further 30 minutes. Then the membranes were 
washed twice for 15 minutes in detection solution 1 followed by a single wash in 
detection solution 4 for 5 minutes. CDP-Stafrm was used as a substrate for Alkaline 
Phosphatase linked to the DIG-antibody. CDP-StarTm was diluted in detection 
solution 4 to a final concentration of 100 p.M of which 250 p.1 were distributed over 
each membrane. The membranes were incubated with this substrate solution for 5 
minutes at room temperature. After the membranes had been dried briefly between 2 
sheets of blotting paper they were covered with Saranwrap and exposed to an X-ray 
film (DuPont). The first film was developed after an exposure time of 20 minutes so 
that a second film could be put down for the appropriate length of time necessary to 
obtain readable signals. 
The signals on the film were aligned with the plaques on a corresponding 
BBL agar plate and positive plaques were marked. Several plaques that gave positive 
hybridisation signals were picked using a sterile Pasteur pipette and the plug was 
ejected into an Eppendorf tube containing 100 p.1 phage buffer. All those phage 
suspensions were screened for the insert by PCR and by incubation with appropriate 
restriction endOnucleases. 
2.2.4 Methods of DNA Purification and Manipulation 
2.2.4.1 General Methods 
2.2.4.1.1 DNA Precipitation 
Unless otherwise stated, DNA was precipitated in 2 volumes of a mixture of 
96% ethanol and sodium acetate (20:1). For instance, 50 p.1 of a DNA solution were 
added to a mixture of 100 p.! of 96 % ethanol and 4 p.! of 3 M sodium acetate. The 
mixture was briefly vortexed. After overnight incubation at —20 °C, the DNA was 
pelleted by centrifugation at 15 krpm at 4°C for 30 minutes. The precipitate was 
washed twice with 70 % (vlv) ethanol, air-dried, resuspended in the appropriate 
volume (20 - 50 p.!) of 10 mM Tris-HC1 buffer and stored at —20 °C. 
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2.2.4.1.2 Measurement of the Concentration of DNA 
The calculation of the amount of DNA in a solution is based on the maximal 
UV-light absorption of DNA at a wavelength of 260 nm. An absorption value of 1 
measured at this wavelength equals 50 pg of double stranded DNA per ml (Maniatis 
et al. 1989). The absorption spectrum between 200 nm and 300 nm was recorded as 
an indication of the purity of the DNA preparation. The quotient of the absorption 
values measured at 280 nm and 260 nm should be greater than 1.5 in a pure DNA 
solution. 
2.2.4.1.3 DNA Restriction Digests 
Unless stated otherwise DNA  digestion was carried out in volumes of 20 tl 
using 2 U of restriction endonuclease per p.g plasmid DNA with the incubation 
buffer provided by the manufacturer. The reaction mixture was incubated for 2 hours 
at the temperature recommended by the manufacturer. If the DNA had to be 
modified subsequently (e.g. end-labelling, ligation, sequencing) the restriction 
endonuclease was heat inactivated at 65 °C for 20 minutes. If heat inactivation was 
not applicable the reaction was stopped using the QlAquick Nucleotide Removal kit 
(QIAGEN) which removes enzymes and. buffers but retains DNA fragments ~!17 bp 
(80-95 % of fragments consisting of 100 bp - 10kb). 
2.2.4.1.4 DNA Dephosphorylation 
Phage ? DNA was dephosphorylated after digestion with EcoRI restriction 
endonuclease and after cohesive-site (cos) ends of the vector DNA had been re-
annealed by incubation in 10 mM M902  at 42 °C for 1 hour. 1 x Shrimp Alkaline 
Phosphatase buffer and 1 U of Shrimp Alkaline Phosphatase were added to the 
reaction mixture which contained 2 to 3 jtg of DNA. The mixture was incubated at 
37 °C for 1 hour. The reaction was stopped by heating to 65 °C for 10 minutes. 
2.2.4.1.5 DNA Ligation 
DNA ligation was carried out in 25 j.t1 to 50 tl of T4 DNA ligase buffer. 
Dephosphorylated DNA was ligated to gel-purified EcoRl fragments (see 2.2.3.9 
DNA Extraction from Agarose Gels) in a molar ratio of vector to insert of 
approximately 1:1 to 2:1 (when cloning into phage A'). For cloning into phage X , the 
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following components of the ligation reaction were combined in a 0.5-mi Eppendorf 
tube: 
25 jil of gel-extracted insert (approx. 500 ng) 
8 p.1 dephosphorylated phage ?. DNA (approx. 1 jig) 
5 p.1 T4 DNA ligase [1 U p.1' (Boehringer Mannheim)] 
5 p.1 T4 ligase buffer (as provided by the manufacturer) 
7 p.1 sterile, distilled water 
50 p.1 final reaction volume 
The ligation reaction was incubated overnight in a 16 °C waterbath. To inactivate 
DNA ligase the reaction mixture was transferred to a dry heating block that had been 
preheated to 70 °C. After 15 minutes the heating block was switched off and allowed 
to cool down to 30 °C. The mobile metal insert was then removed from the heating 
block and put on ice for 2 hours. The DNA was ethanol precipitated following 
standard procedure (see 2.2.4.1.1 DNA Precipitation). The air-dried DNA pellet was 
resuspended in 5 p1 of lx TE buffer. Resuspension of the DNA pellet was completed 
by incubation at room temperature for 1 hour. This was followed by incubation on 
ice for 2 hours. DNA was stored at -20 °C. 
Cloning of a 246-bp palindrome into pUC19 was carried out in 25 p.1 of 1 x 
T4 ligase buffer (New England Biolabs). 1 U of T4 DNA ligase (New England 
Biolabs) was added to approximately 1 jig of DNA. In addition 2 mM ATP was 
included in the reaction mixture. The ligation reaction was incubated at room 
temperature for 1 hour. 10 p.1 of the ligation reaction were heated to 65 °C for 10 
minutes to inactivate T4 DNA ligase. These 10 p.1 were then used for transformation 
of CaC12-competent cells of E. coli strain DL733. Incubation of the remaining 15 p.1 
of ligation reaction was continued for 24 hours and used for a second transformation 
of CaC12-competent cells if the first attempt had been unsuccessful. 
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2.2.4.2 DNA Extraction from E. coli and Phage ? 
2.2.4.2.1 Extraction of Plasmid DNA from E. coli 
Principle of the Procedure 
All plasmid DNA was prepared using the solutions provided by the range of 
QlAprep Miniprep Kits (Qiagen Inc.) and by following the manufacturer's 
instructions. The protocol is an application of a modified alkaline lysis method by 
Birnboim & Doly (1979) followed by binding of the DNA to a silica-gel membrane 
in the presence of high salt which allows its purification from RNA, cellular proteins 
and metabolites (Vogelstein and Gillespie, 1979). 
Small Scale Preparation of Plasmid DNA 
Small amounts of plasmid DNA (10-15 jig) were prepared from 5-ml 
overnight cultures using the QlAprep Spin Miniprep kit (Qiagen). For this purpose, 
cells from 4.5 ml (3 x 1.5 ml) of a fresh overnight culture were pelleted in a single 
1.5 ml Eppendorf tube by centrifugation at 15 krpm for 1 minute in a bench top 
centrifuge (Sorvall Microspin 24). This and all subsequent steps were carried out at 
room temperature. The cell pellet was resuspended in 250 tl of buffer P1 using a 
vortex. Bacteria were lysed by adding 250 tl of buffer 2. The tube was inverted 
gently to achieve sufficient mixing of the solutions without shearing the bacterial 
chromosomal DNA. Addition of 350 p1 of buffer P3 neutralises and adjusts to high-
salt binding conditions in one step. The solution was centrifuged for 10 minutes at 15 
krpm and the clear supernatant was loaded onto a QlAprep spin column. After 
another round of centrifugation (1 minutes, 15 krpm) the flow-through was discarded 
and 500 p1 of wash buffer PB were added to the column to remove trace nuclease 
activity and carbohydrate. The column was washed by adding 750 tl of buffer PE 
and centrifuging for 1 minute at 15 krpm. This centrifugation step was repeated after 
the flow-through had been discarded from the collection-tube. The column was 
placed in a sterile 1.5-mi Eppendorf tube and the DNA was eluted from the 
membrane by adding 55 p1 of 10 mM Tris-buffer and centrifuging at 15 krpm for 1 
minute. Since the lid had to be cut off the Eppendorf tube to allow centrifugation in 
the bench top centrifuge, the eluted plasmid DNA was transferred to another sterile 
Eppendorf tube. The DNA was stored at —20 °C. 17 jtl of this plasmid DNA were 
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used for radioactive labelling reactions (see 2.2.4.6 Radioactive Labelling of Double-
Stranded DNA Fragments). 
Large Scale Preparation of Plasmid DNA 
A single colony picked from a freshly streaked LB agar plate (supplemented 
with the appropriate antibiotic drug) was inoculated into 100 ml L broth containing 
the antibiotic drug as before. The culture was grown with vigorous shaking overnight 
at 37 °C. The cells were collected by centrifugation at 12 krpm for 6 minutes at 4 °C 
(Sorvall centrifuge, GSA or SS34 rotor). All subsequent centrifugations were carried 
out at 16 krpm and 4 °C (Sorvall centrifuge, GSA or SS34 rotor). 
The cell pellet was resuspended in 4 ml of buffer P1. The cells were lysed in 
the presence of RNase (provided in buffer P1) by adding 4 ml of buffer P2. The 
viscous solution was mixed gently by inverting the tube a few times. Bacterial lysis 
was allowed at room temperature for 5 minutes. The solution was neutralised and 
lysis stopped with 4 ml of chilled buffer P3. The samples were mixed and incubated 
on ice for 15 minutes. The mixture was centrifuged for 30 minutes to separate cell 
debris and chromosomal DNA from the clear solution containing the plasmid DNA. 
The supernatant was carefully decanted and applied to a QIAGEN-tip 5.00 which had 
been equilibrated with 4 ml of QBT buffer. The column was allowed to empty by 
gravity flow. Then the column was washed twice by permitting 2 x 10 ml of buffer 
QC to pass through the column by gravity flow. The DNA was eluted from the 
column with 5 ml of buffer QF. The DNA was precipitated with 0.7 volumes of 
isopropanol and centrifugation for 30 minutes. Since DNA pellets resulting from an 
isopropanol precipitation are transparent, the outside of the glass tube was marked at 
the position where a precipitation would be expected. The supernatant was removed 
and 2 ml of ice-cold 70 % (vlv) ethanol were added to wash the DNA pellet. A final 
centrifligation was carried out for 10 minutes, all liquid was removed from the tube 
and the pellet was air-dried. DNA was resuspended in 500 j.tl of 10 mM Tris-HC1 
buffer and stored at —20°C. 
2.2.4.2.2 Extraction of Genomic DNA from E. coli 
Genomic DNA was extracted from E. coli overnight cultures using the 
AGTC® Bacterial Genomic DNA Purification Kit (Advanced Genetic Technologies 
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Corp.) which contains all necessary buffers and ADVAMAXThI  beads for DNA 
binding. DNA was prepared following the protocol provided by the manufacturer. 
Bacteria were collected from a 5-ml overnight culture by centrifugation at 15 
krp m for 1 minute. The supernatant was discarded and the cell pellet was 
resuspended in 400 p.! of Spheroblast buffer. After incubation at 37 °C for 10 
minutes 100 p.1 Lysis buffer 1 and 100 p.1 of Lysis buffer 2 were added. The 
suspension was mixed gently and incubated at 65 °C for 5 minutes after which 100 
p.1 of ADVAMAxTm beads and 100 p.1 of Extraction buffer were added. The mixture 
was vortexed for 10 seconds and centrifuged at 15 krpm for 3 minutes. The 
supernatant was transferred to a sterile 1 .5-mi Eppendorf tube and an equal volume 
of isopropanol was added. The suspension was inverted several times until the white 
DNA precipitate became clearly visible. Using a blue (1 ml) pipette tip the DNA was 
transferred to a sterile 1.5-mi Eppendorf tube which contained 500 41 of 70 % (v/v) 
ethanol. To wash the DNA the tube was inverted 5-10 times. The precipitate was 
pelleted by centrifugation at 15 krpm for 5 minutes. The ethanol was removed and 
the DNA pellet was air-dried. The DNA was dissolved in 50 111 of 1 x TE buffer and 
stored at -20 °C. 
2.2.4.2.3 Extraction of DNA from Phage ? 
Bacteriophage X DNA was prepared from 10-mi plate lysates that had been 
prepared on LB agar plates made with agarose instead of agar for reasons of purity. 
DNA was extracted using the QIAGEN Lambda Maxi Kit (Qiagen) which contains 
all reagents ready for use. The method is based on a PEG precipitation step that is 
followed by anion-exchange chromatography using the QIAGEN-tip 500. 
The chloroform added to the phage suspension during storage at 4 °C lysed 
bacteria without affecting bacteriophage X. Degradation of bacterial DNA and RNA 
which had been released into the suspension during bacterial lysis was accomplished 
by adding 30 p.1 of buffer Li (containing RNase and DNase) to 10 ml of the plate 
lysate. The mixture was incubated in a 37 °C-waterbath for 30 minutes. PEG 
precipitation was carried out by adding 2 ml of ice-cold buffer L2 to the mixture 
followed by an i-hour incubation on ice. The phage particles were collected by 
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centrifugation at 15 krpm for 10 minutes. The supernatant was discarded. The pellet 
was resuspended in 1 ml of buffer L3 by pipetting up and down. Protein was 
denatured by addition of 1 ml of buffer LA which contains 4 % (w/v) SDS. After 
incubation at 70 °C for 10 minutes the tubes were put on ice immediately and I. ml of 
buffer L5 was added. Everything was mixed gently and centrifuged at 20 krpm at 4 
°C for 10 minutes. The supernatant was transferred to another tube and centrifugation 
was repeated. The cleared supernatant was applied to a QIAGEN-tip 20 which had 
been equilibrated with 1 ml of buffer QBT. The supernatant was allowed to enter the 
column by gravity flow. The QIAGEN-tip was washed twice with 1 ml of ethanol-
containing buffer QC. The DNA was eluted from the column with 1.5 ml of buffer 
QF. The eluate was collected in siliconised 15-mi COREX-tubes. The DNA was 
precipitated with 0.7 volumes of isopropanol and centrifugation at 4 °C at 20 krpm 
for 30 minutes. The supernatant was removed and the transparent DNA pellet was 
washed with 5 ml of 70 % (v/v) ethanol. The ethanol was removed and another 1 ml 
of 70 % (v/v) ethanol was applied directly onto the precipitate to transfer it to a 1.5-
ml Eppendorf tube using a blue pipette tip. The DNA was pelleted again by 
centrifugation at 15 krpmat room temperature for 5 minutes. The pellet was air-dried 
for 5 to 10 minutes and resuspended in 50 p1 of 1 x TE buffer. The DNA was stored 
at —20 °C: 
2.2.4.3 DNA Sequencing 
2.2.4.3.1 Manual Radioactive Sequencing 
Sequencing of double stranded template DNA carrying direct repeats and 
palindromic sequences was carried out using the Sequenase®v2.0  Sequencing Kit 
(United States Biochemical) which uses a genetic variant of T7 DNA Polymerase to 
incorporate a35 S-dATP into the newly synthesised DNA strand during primer 
extension in vitro. All reaction components mentioned below except template DNA 
and [a-35Sj dATP were provided in the Sequenase ®v2.0 Sequencing Kit. 
Double stranded plasmid DNA was purified using the QlAquick Nucleotide 
Removal Kit (QIAGEN). In a 0.5-mi Eppendorf tube, 3 j.tg to 5 ig (9 p1) of purified 
plasmid DNA were mixed with 11 pmole (1 p1) of sequencing primer 596L. This 
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mixture was boiled for 4 minutes and immediately put on dry ice to keep the DNA 
single stranded. A sequencing mix was prepared by mixing 4 p1 of 100 mM DTT 
solution and 4 p.1 of 10 x Reaction buffer with 1.4 p1 of 5 x Labelling mix. 
Sequenase ® DNA Polymerase (13 U p.l') was diluted 1:5 in Sequenase® dilution 
buffer to yield a final volume of 5 j.tl. Just prior to starting the sequencing reaction 
the sequencing-mix was completed by adding 5 p.1 of the Sequenase ® DNA 
Polymerase dilution and 1 p1(10 j.iCi) of [cx-35S] dATP. 
Four Eppendorf tubes were labelled G, A, T, C and 2 p1 of the appropriate 
Termination-Mix were added to each of them. One DNA/primer mix was taken off 
the ice, defrosted and centrifuged briefly before 7.7 p.1 of sequencing mix were added 
to the tube. The reaction components were mixed well and the tube was incubated at 
20 °C for 5 minutes. The four tubes containing the termination mixtures were 
transferred to a 40 °C-waterbath approximately 1 minute before they had to be used. 
Then 4 p1 of the sequencing mixture were added to each of the tubes with the 
termination mixtures. The sequencing reactions were terminated after incubation for 
3 minutes at 40 °C by adding 4 p.1 of stop solution to each tube. 
Prior to loading samples were boiled for 3 minutes and immediately put on 
ice to denature the extension products. 5 p.1 of each sample were loaded on a pre-
heated (55 °C) denaturing 5 % Long RangerTM gel (see below) in the order G, A, T, 
C. If the sequencing products were not analysed immediately they were stored at - 
20 °C for up to one week. 
2.2.4.3.2 Non-Radioactive Automated Cycle Sequencing 
As an alternative, recombinant DNA was sequenced using a non-radioactive 
cycle-sequencing using the ABI PRISMTM Dye Terminator Cycle Sequencing Ready 
Reaction Kit (Perkin Elmer). This method is based on the incorporation of 
fluorescent-dye labelled chain terminators by the heat-stable AmpliTaq ® DNA 
Polymerase (FS) in a cycling single-tube reaction. 
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The detection and analysis of the sequencing products was carried out on a 
ABI PRISM 377 DNA Sequencer (Perkin Elmer). For one sample, the following 
reagents were mixed in a 0.5-mi Eppendorf tube: 
8 fl Terminator Ready Reaction Mix 
1 j.tl DNA (- 500 ng of ds plasmid DNA, - 200 ng of ds PCR product) 
1 tl primer (3.2 pmole) 
10 pi sterile, distilled water 
20 tl final reaction volume 
Cycle sequencing was performed on a Hybaid Thermal Cycler, preheated to 94 °C, 
according to the manufacturer's instructions: 
Denaturation Primer Annealing Elongation 
94 °C 30 seconds 50 °C 15 seconds 60 °C 4 minutes 
30 cycles 
Prior to the sample analysis on the ABI PRISMTM 377 DNA Sequencer the 
sequencing products were ethanol-precipitated (see 2.2.4.1.1 DNA Precipitation) in 
order to remove unincorporated dye-labelled terminators and to concentrate the 
labelled extension products. The air-dried DNA pellet was handed over to the ABI 
PRISM 377 DNA Sequencing facility at the Institute of Cell and Molecular Biology 
(University of Edinburgh). Collected data were analysed using the GeneJockey 
Sequence Processor (Biosoft, Cambridge). 
2.2.4.4 The Polymerase Chain Reaction (PCR) 
Usually, PCR was carried out using purified plasmid DNA, bacterial genomic 
DNA and DNA prepared from phage X. If PCR was used as an initial screening 
method for recombinant ? phages, 20 pl of plate lysate or a single bacteriophage 
plaque were boiled in 50 tl of 10 mM Tris-HC1 buffer for 5 minutes to provide the 
template DNA. The boiled material was centrifuged at 15 krpm for 5 minutes and, 
depending on the final reaction volume, 5 p1 to 10 p1 of the supernatant were used in 
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the PCR reaction. If PCR was carried out in a volume of 50 p1 using 0.5-rnl 
Eppendorf tubes in a Hybaid Thermal Cycler the reaction mixture consisted of: 
5 p1 10 x Taq-Polymerase buffer (including 25 mM MgC1 2 ) 
5 i1 2 mM dNTP-4 mix 
5 p1 DNA (plasmid DNA: 10-100 ng; genomic DNA: 200-400 ng) 
1 p1 Taq-Polymerase (2 U) 
1 p1 primer 1 (20 pmole) 
1 p1 primer 2 (20 pmole) 
32 p1 	sterile, distilled water 
50 p1 	final reaction volume 
A master-mix containing all reaction components excepting template DNA was 
prepared on ice with Taq-DNA Polymerase being added last. Aliquots of 45 p1 were 
dispensed into 0.5-mi Eppendorf tubes which already contained 5 p1 of DNA 
solution. If more than 5 p1 of DNA were added (e.g. boiled ?, phage lysate) the 
volume of sterile water was, decreased accordingly. In a control reaction the DNA 
solution was replaced by 5 tl of sterile distilled water. The solution was mixed well 
and centrifuged 'briefly at 9 krpm. Every reaction mixture was overlaid with 40 p1 of 
mineral oil to prevent evaporation. The PCR block was pre-heated to 94 °C before 
the samples were inserted. PCR programmes that were developed in the course of 
this project are described at appropriate places in Chapters 5 and 6. The PCR 
programme for the amplification of CTG repeats using primers M6833 and M6834 
was designed by Abbott and Chambers (1994). This is shown in Table 2-6. 
Table 2-6. PCR programme used on the Hybaid Thermal Cycler for the 
amplification of trinucleotide repeats in pDL9 15 and pDL9 1 5R, using primers 
M6833 and M6834 (Abbott and Chambers, 1994). Time is shown in minutes. 
Initial Denat. Denaturation Annealing Elongation Final Elong. 
Time Temp Time Temp Time Temp Time Temp Time Temp 
3 94 1 94 1 55 1 72 5 72 
1 cycle 30 cycles 1 cycle 
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2.2.4.5 Purification of PCR Products 
DNA fragments ranging from 100 bp to 10 kb were purified from primers, 
dNTPs, salts and enzymes using the QlAquick PCR Purification Kit (Qiagen). This 
method of purification was used to ensure optimal conditions during an enzymatic 
reaction when, for example, incubation with a restriction endonuclease followed 
PCR. Like the Gel Extraction Kit the PCR Purification Kit uses silica-gel 
membranes. DNA binds to silica at pH !~ 7.5 in the presence of a high concentration 
of chaotropic salts while other components of the PCR reaction mixture are found in 
the flow-through. The purification was carried out using the solutions provided by 
the QlAquick kit according to the protocol supplied by the manufacturer. Without 
removing the mineral oil 5 volumes of buffer PB were added to 1 volume of PCR 
reaction. After mixing thoroughly the solution was applied to a QlAquick column 
which was standing in a 2-mi collection tube. The column was centrifuged at 15 
krpm for 1 minute at room temperature. The flow-through containing salts, dNTPs, 
primers and enzymes was discarded. The colunm was washed with 750 jil of buffer 
PE to remove residual salts and other PCR reaction components. Flow-through was 
discarded and the centrifugation step was repeated to remove all of buffer PE. The 
DNA was eluted from the column with 30 p1 to 50 J11 of 10 mM Tris-HC1 and stored 
at –20 °C. 
2.2.4.6 Radioactive Labelling of Double -Stranded DNA Fragments 
DNA fragments were labelled after incubation of plasmid DNA (e.g. 
pDL915, pDL915R) with restriction endonucleases (e.g. EcoRI), that produce 3'-
recessed ends which can be filled-in by Kienow enzyme. Because of the sequence of 
the overhang produced by EcoRI [a-35S] dATP was used in the labelling reaction 
(Figure 2-1). 
5_-- 	TTC 3 ' 	5 ---GAA 	AATTC--3 ' 
I 	I III 
	




3 —CTTA1 	.AAG- 5 ' 
Figure 2- 1. Radioactive labelling of EcoRI restriction fragments by incorporation of 
CZ35S-dATP by Kienow enzyme. 
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During this project, radioactive endlabelling was used to determine the 
number of CTG trinucleotides in pUC 18-derived plasmids which carry CTG repeat 
arrays of varying length (Table 2-5). For this purpose, 17 p.1 of plasmid DNA 
prepared by the small scale method (see 2.2.4.2.1 Extraction of Plasmid DNA from 
E. coli) were mixed with 2 p.! of 10 x EcoRI restriction buffer (New England 
Biolabs) and 1 p.! of EcoRI (20 U p.1'). After 2 hours of incubation at 37 °C EcoRI 
was heat-inactivated at 65 °C for 20 minutes. The samples were spun in a bench-top 
centrifuge at 9 krpm for 30 seconds. Without any further modification the samples 
were used in the following radioactive end-labelling reaction. Per sample, 1 p.! (10 
p.Ci) of [a-35S] dATP and 0.5 p.1 (2 U p.1 1 ) Klenow enzyme were combined in an 
Eppendorf tube. Of this labelling mix 1.5 p.! were added to 20 p.1 of EcoRI-digested 
plasmid DNA. After incubation at room temperature for 5 minutes 2 p.1 of the 2 mM 
dNTP-4 mix were added to the labelling reaction and incubation was continued for 
10 minutes at room temperature. 3 p.! of polyacrylamide gel loading buffer were 
added to the reaction. Immediately, 20 to 25 p.l of this reaction mixture were loaded 
onto a native 5 % Long Ranger gel to separate the labelled DNA fragments. 
2.2.4.7 Non-Radioactive Linear Amplification of CTG Repeats 
For the rapid analysis of the length of triplet repeats on the E. coli 
chromosome as well as in plasmids a non-radioactive method was developed as an 
alternative to error-prone PCR that is frequently used to measure triplet repeat length. 
The original idea proposed by Yamamoto et al. (1992) was modified to include 
fluorescent dye labelled primers and to eliminate error prone PCR from the process. 
The method's principle, optimisation and application to plasmid and genomic DNA 
of E. coli are described in Chapter 6. 
2.2.4.8 Gel Electrophoresis 
2.2.4.8.1 Agarose Gel Electrophoresis 
The length of double-stranded DNA fragments was analysed by 
electrophoretic migration in horizontal agarose gels in 1 x TBE-buffer at 
approximately 5-8 V cm 1 . Depending on the size of the DNA fragments, the 
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concentration of routine electrophoresis grade agarose (Flowgen) was 1 % to 2 % 
(w/v) while higher percentage gels (3 % to 4 %) were made from NuSieve 3:1 
agarose (Flowgen). To pour an agarose gel, the appropriate amount of agarose was 
added to 1 x TBE-buffer and mixed in a conical flask. A magnetic stirrer bar was 
placed into the flask and the agarose was melted in a microwave oven at setting 
'High' for 1 - 3 minutes (depending on the gel volume). When all agarose particles 
were melted the flask was placed on a magnetic stirrer and left there to cool down. 
Just before the gel was poured, 1 x ethidium bromide stock solution was mixed into 
the agarose solution (2 il of 50 x ethidium bromide stock solution for a 100-mi gel 
or 6 pA for a 300-mi gel). The gel was allowed to set for 1 hour at room temperature. 
If small gels were used (30-mi gel volume), ethidium bromide was not added to the 
gel but to the 1 x TBE running buffer (20 j.il of 50 x ethidium bromide stock solution 
in 11 of 1 x TBE). This is sufficient since ethidium bromide migrates towards the 
anode in an electrical field thereby staining a small gel during the run. Prior to 
loading 1 x agarose gel loading buffer was added to each sample and mixed well. 
DNA was visualised using a C-62 BlackRay transilluminator (Ultraviolet Products 
Incorporated). Pictures of gels were taken using GRAB-IT Tm software (Ultraviolet 
Produèts Incorporated). 
2.2.4.8.2 Native Polyacrylamide Gel Electrophoresis 
Native polyacrylamide gels were used to analyse length changes in the highly 
unstable CTG trinucleotide repeats. These gels were run in the SequiGen®  Nucleic 
Acid Sequencing Cell (Biorad) according to the manufacturer's instructions. The gel 
was prepared approximately 3 hours before it was needed. For a gel measuring 40 cm 
x 21 cm x 0.4 mm, 70 ml of gel solution were required (20 ml to seal the bottom of 
the glass plate sandwich and 50 ml to pour the gel). In order to make a 5 % native gel 
containing 1.2 x TBE, 7 ml of 50 % Long Rangerm stock solution (Flowgen), 8.4 
ml of 10 x TBE and 54 ml of sterile distilled water were mixed thoroughly but 
carefully in a glass beaker by slowly pipetting up and down. To seal the bottom of 
the glass plate sandwich 70 .tl of TEMED and 170 jil of freshly prepared 10 % (w/v) 
AMPS were added to 20 ml of the gel solution. When the gel had set, 50 p1 of 
TEMED and 150 .tl of freshly prepared 10 % (wlv) AMPS were added to the 
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remaining 50 ml of gel solution. This gel mixture was immediately poured between 
the two glass plates with the help of a 50-mi plastic syringe. A square-toothed comb 
was introduced at the top of the gel. The gel remained at room temperature for at 
least 3 hours to set. After 3 hours the gel was removed from the casting tray and 
placed into the sequencing apparatus (Biorad). Upper and lower buffer tanks were 
filled with 700 ml and 300 ml of 0.6 x TBE buffer, respectively. Just before the 
samples were loaded the comb was removed and the slots were thoroughly washed 
with 0.6 x TBE using a syringe with a needle. Into each slot 20 p1 to 25 .tl of sample 
containing polyacrylamide gel loading buffer was loaded. The gel was run at a 
constant power of 35 W at a temperature between 45 - 50 °C until the bromophenol 
blue band of the loading buffer had reached the bottom of the gel. After the 
electrophoresis was completed the gel was removed from the glass plate sandwich, 
transferred onto wet blotting paper (Ford Goldmedal), covered with Saranwrap and 
dried in a Biorad Gel Dryer (Model 583) at 80 °C for 45 minutes. 
2.2.4.8.3 Denaturing Polyacrylamide Gel Electrophoresis 
Denaturing polyacrylamide gels were used to separate products of manual 
sequencing reactions (see 2.2.4.3.1 Manual Radioactive Sequencing). In addition to 
the ingredients mentioned above the gel solution contained 7 M urea. To make a 5 % 
denaturing Long RangerTM gel the following components were mixed: 7 ml of 50 % 
Long RangerTM stock solution, 8.4 ml of 10 x TBE, 50 ml of sterile, distilled water 
and 24 g of urea (Sigma Chemical Company). This mixture was warmed in a 50 °C 
waterbath to help dissolve the urea. Sterile, distilled water was added to reach a final 
volume of 70 ml. This gel solution was used to pour the gel as it was described 
above. A sharktooth comb was inserted at the top of the gel with the flat side facing 
the gel. The gel was allowed to set for at least 2 hours at room temperature and was 
then inserted into the sequencing cell (Biorad). The upper and lower buffer tanks 
were filled with 0.6 x TBE before the comb was removed. The gel surface was 
flushed with 0.6 x TBE using a syringe with a needle to remove urea and 
unpolymerised polyacrylamide. The gel was pre-run at 45 W until the gel had 
reached a temperature of 55 °C (approximately 1 hour). Before loading, the samples 
were boiled for 3 minutes and put on ice immediately. The sharktooth comb was so 
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re-inserted that the teeth formed wells in which the samples could be loaded. The 
slots were rinsed again and 5 ill of sample were loaded. The gel was run at constant 
power of 40 W for 1-2 hours. After completion of electrophoresis the gel was 
removed from the glass plate sandwich, transferred onto wet blotting paper (Ford 
Goidmedal), covered with Saranwrap and dried in a Biorad Gel Dryer (Model 583) at 
80 °C for 45 minutes. 
2.2.4.8.4 Extraction of DNA Fragments from Agarose Gels 
PCR products and DNA restriction fragments were extracted from agarose 
gels when it was necessary to select particular restriction fragments or PCR products 
for labelling of DNA probes, for ligation or DNA sequencing. DNA fragments were 
separated on horizontal agarose gels made from a Genetic Technology Grade (GTG) 
agarose (SeaKem Incorporated) which is specialty agarose for preparative 
electrophoresis of DNA. After gel electrophoresis was completed the gel was placed 
on an UV transilluminator and the selected DNA band was excised from the agarose 
gel using a sterile scalpel. The gel slice was put into a sterile 1.5-ml Eppendorf tube 
and was weighed. The QlAquick Gel Extraction kit (Qiagen) was used to extract the 
DNA from the agarose slice. First, 3 gel-volumes (w/v) of buffer QG were added to 
the gel slice and the gel/buffer mix was incubated at 50 °C until the gel had 
completely dissolved (approximately 5 minutes). The colour of buffer QG, which is 
yellow indicating a pH :! ~ 7.5, should not change during this procedure. If it changed 
to orange or violet the pH was too high and had to be re-adjusted to pH 7.5 to ensure 
optimal binding of the DNA to the silica-gel membrane. If small DNA-fragments 
(< 500 bp) were extracted 1 gel-volume isopropanol was added to the solution to 
increase DNA recovery. Solutions containing longer DNA fragments were loaded 
onto the column without any modification. The columns were spun at 15 krpm for 1 
minute. The flow-through was discarded and 500 jil of buffer QG were added to the 
column to remove traces of agarose. The columns were centrifuged at 15 krpm for 1 
minute. The flow-through was again discarded and 750 tl of ethanol-containing 
buffer PE were added to eliminate salts. The column was spun twice at 15 krpm for 1 
minute and the collection tube was emptied between centrifugations to ensure 
complete removal of buffer PE from the column. The column was placed in a sterile 
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1.5-mi Eppendorf tube and 30 il of 10 mM Tris-HCI buffer were added to the centre 
of the membrane to elute the DNA. After 1 minute the colunm was centrifuged for 1 
minute at 15 krpm. Since the lid had to be cut off the tube for centrifugation, the 
eluate was transferred to a new, sterile Eppendorf tube. The sample was stored at —20 
OC. 
2.2.4.8.5 Autoradiography 
Dried Long RangerTm gels were exposed to Cronex 4 X-ray films (DuPont). 
Exposure was carried out in Cronex cassettes (DuPont), at room temperature and 
overnight. Depending on the strength of the signal a second film was put down for a 
more suitable length of time. Films were developed in a X-OGRAPH Compact X2 
automatic film processor. 
2.2.4.8.6 Quantification of Phosphorlmages Using lmageQuantTm  
Native polyacrylamide gels were used to separate [cx- 35S] dATP-labelled 
EcoRI- fragments containing triplet repeat arrays. Changes in fragment length are 
caused by in vivo expansion and contraction of the repeat tract by multiples of 3 bp. 
Therefore the DNA band pattern obtained from the digest of a plasmid population 
yields a ladder. of DNA fragments whereby the fragments are separated by multiples 
of 3 bp. In order to analyse the intensity of the radioactive bands in polyacrylamide 
gels, dried gels were exposed to a phosphor storage screen (Kodak) at room 
temperature and overnight. A Phosphorlmage was developed using a Molecular 
Dynamics PhosphorlmagerTM. Quantification of the radioactive bands on 
Phosphorlmages was carried out using Molecular Dynamics ImageQuantTm software 
using the default settings. Peak recognition parameters were changed (Smoothing: 1, 
Slope Sensitivity: 0.001, Upward Count: 1, Downward Count: 1). A line was plotted 
across the entire sample and only peaks that clearly corresponded to bands on the 
Phosphorlmage were selected for quantification. Others were discarded using the 
manual baseline tool box. Peak areas were integrated. The sum of all peak areas was 
set 100 % and the percentage of every radioactive band was determined. Percentage 
values were exported to MsExcel 5.0 for further analysis and for archiving. 
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CTG Repeat Instability in Wild-Type 
E. coli and in Strains Deficient in Post- 
Replicative Mismatch Repair (MMR) 
3.1 Introduction 
3.1.1 Maintenance of Genome Integrity 
The integrity of genomes is constantly threatened by radiation and other 
mutagens in our immediate environment as well as by cellular processes, such as 
hydrolysis and oxidation (reviewed in Friedberg et al. 1995a). Failure to repair such 
damage causes mutations that may lead to malignant disease. In addition, unfaithful 
DNA replication can be a threat to the integrity of the genome that is passed on to 
progeny. In E. coli, a replication rror-rate of approximately 10 0 is secured by the 
combined efforts of DNA polymerase selectivity, exonucleolytic proof-reading and 
MMR (Kunkel, 1992). On average 1 in 100,000 replicated bases is misincorporated 
by DNA polymerase at the 3'-end of the daughter strand (Cox, 1976) and the proof-
reading activity of the DNA polymerase holoenzyme has evolved to correct such 
mistakes thereby decreasing the error-rate to 10 7 . Mismatched base pairs that 
frequently escape proof-reading, such as G/T mispairs and certain insertion/deletion 
loops (IDLs), are recognised and repaired by MMR. 
In order to repair mismatches that have escaped proof-reading (see above), 
certain cellular factors have to (i) recognise the mismatch, (ii) discriminate between 
the old and the new strand (iii), incise the error-containing strand' 9 , ( iv) separate the 
new from the old strand, (v) degrade the error-containing strand from the incision to 
a point beyond the mismatch, (vi) resynthesise the excised patch and (vii) ligate. The 
19 in the absence of a single-strand nick 
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individual factors associated with these steps are biochemically and genetically so 
well understood that functional mismatch repair in E. coli could be reproduced in 
vitro (Lahue et al. 1989), yet mysteries have remained and some steps are stifi pure 
speculation (Jiricny, 1998a). 
3.1.2 The Model of Prokaryotic MMR 
Mutator strains of E. coli were first described by Siegel and Bryson (1964, 
1967). Cox and Yanofsky (1967) demonstrated that mutations induced by mutS 
(derived from mutator strains) were mainly AT —+ GC and GC — AT transversions 
(Cox et al. 1972). In vitro assays demonstrated that the homodimeric protein 
encoded by the mutS gene binds with high affmity to most mismatched base pairs 
(Su and Modrich, 1986) and to IDLs consisting of up to 4 extrahelical bases (Parker 
and Marinus, 1992). 
To ensure that mismatches are repaired so that always the newly (wrongly) 
incorporated base is replaced the MMR system must be able to distinguish between 
the new and the old stand. This strand discrimination signal is provided by 
transiently unmethylated 5'-GATC-3' sites in newly replicated DNA (Lu et al. 1983; 
Lahue et al. 1987). Ten factors are known to be involved in MMR of E. coli; they 
are MutS (the mismatch binding protein), MutL, MutH (a latent methylation-directed 
and sequence-specific endonuclease), UvrD (DNA helicase II), SSB (single-strand 
binding protein), Exol (a 3'— 5' exonuclease), RecJ , ExoVil, (5'— 3' exonucleases), 
DNA polymerase Ill and ligase. 
MutS, coded for by the mutS gene, is the mispair recognition protein of E. 
coli. MutS recruits MutL and MutH to the mismatched site initiating repair. Then 
MutS undergoes an ATP-dependent conformational change, possibly aided by MutL 
(see below), and loses affmity for the mispair. Driven by ATP-hydrolysis, MutS then 
translocates the DNA through itself and as a result of the translocation an cx- or rather 
a-shaped structure, the so-called cc-loop, is formed with the mismatch at or near its 
apex (Allen et al. 1997; see also Figure 3-lA-C). Next MutH, a methyl-directed and 
sequence-specific endonuclease encoded by the mutH gene, is activated upon 
encounter with the MutS-MutL complex at a hemimethylated 5'-GATC-3' site. MutH 
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incises the undermethylated strand just 5' of the hemimethylated site, either 5' or 3' 
of the mismatch (Griley et al. 1993). Mismatch repair can be initiated from GATC 
sites as far as 1 kb from the mismatch (Au et al. 1992). 
In the next step DNA helicase II, the uvrD gene encoded ATP-dependent 
helicase that exclusively functions in UvrABC-mediated nucleotide excision repair 
(Friedberg et al. 1995b) and MMR, separates the strands so that the error-containing 
strand is available for exonucleolytic degradation. Apparently, DNA helicase II 
always unwinds from the nick towards the mismatch, regardless of whether MutH 
generated the nick 3' or 5' of the mismatch (Griley et al. 1993). This is interesting 
because DNA helicase II unwinds DNA preferentially in the Y —* 5' direction 
(Matson, 1986; Dao and Modrich, 1998). Jiicny (1998a) speculated that DNA 
helicase II may be loaded onto DNA only when the nick is 3' of the mispair and that 
the helicase activity of DNA polymerase ifi may be sufficient for continuation of 
repair initiated from a 5' nick. The displaced single strand is then exonucleolytically 
degraded. 
The three exonucleases in E. coli that specifically degrade single strands are 
RecJ exonuclease (RecJ), Exonuclease I (Exol) and Exonucleasé VII (ExoVil). All 
three have been shown to act during MMR depending on the required polarity of the 
exonucleolytic degradation (Figure 3-1)(Lahue et al. 1989; Cooper, 1993). However, 
there seems to be at least one other exonuclease that can replace all three 
exonucleases since exonuclease triple mutants do not exhibit an increased 
spontaneous mutation rate as would be expected of a mismatch repair deficient strain 
(Viswanathan and Lovett, 1998). Experiments by Su et al. (1989) revealed that a 
single GATC site more than 1000 bp from the mismatch is sufficient for 
heteroduplex repair and that exonucleolytic degradation extends only to a point just 
beyond the mismatch. However it is unclear how any exonuclease would recognise 
the erroneous base in single stranded DNA. Jiricny (1998a) speculated that the base 
may be tagged somehow prior to strand separation or, alternatively, the base may 
move back to the base of the a-ioop once MutH has nicked the GATC site, but prior 
to exonucleolytic degradation (Figure 3-1, D-E). In this reaction MutL has been 
implicated in helping to orient DNA helicase H by loading it onto the proper strand at 
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the nicked GATC site (Hall et al. 1998). Electron microscopy recently revealed that 
the three proteins, MutS, MutL and MutH, are found as a complex at the base of the 
a-loop (Allen et al. 1997) 
MutL, a homodimeric protein that co-localises with the MutS homodimer, 
binds single- and double-stranded DNA (Bende and Grafstrom, 1991) as well as 
MutS-heteroduplex DNA complexes (Grilley et al. 1989). MutL contains a 
conserved ATP-binding motif and the crystal structure of its N-terminal region is 
homologous to the ATPase domain of DNA gyrase (Ban and Yang, 1998). Ban and 
co-workers (Ban and Yang, 1998; Ban et al. 1999) showed that ATP-hydrolysis by - - 
MutL is stimulated by DNA and provokes a conformational change of MutL that 
may be modulating interaction with other components of the repairosome. Recent 
gel-shift experiments showed that MutL increases the efficiency of MutS-binding to 
heteroduplex DNA by approximately 6-fold suggesting that MutL, without itself 
becoming part of the DNA-protein complex, may help loading MutS onto 
heteroduplex DNA (Drotschmann et al. 1998). As 'molecular matchmaker' MutL 
may connect mismatch recognitiori by MutS with activation of MutH (Modrich, 
1991; Au et al. 1992) and subsequent excision (Lahue et al. 1989; Grilley et al. 
1993). Binding of MutL to the MutS-heteroduplex complex may also contribute to 
the conformational change of MutS prior to translocation (Jiricny, 1998a). Moreover 
a yeast two-hybrid screen revealed that MutL also interacts physically with DNA 
helicase II (Hall et al. 1998). Finally, considering structural homologies between the 
N-terminal region of MutL and the molecular chaperone Hsp90, DNA gyrase and 
class II DNA topoisomerases, Jiricny (1998a) proposed that MutL may function as a 
molecular chaperone helping assemble the repairosome. 
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Figure 3- 1. Model for methyl-directed mismatch repair in E. co/i with modifications 
as suggested by Jiricny (1998a). Mismatch in freshly replicated DNA (A) is 
recognised by MutS (B). MutL binds to the MutS-DNA complex. ATP-driven 
conformational change of MutS initiates bi-directional translocation of the MutS-
MutL complex along the DNA molecule (C). Activated MutH incises the 
unmethylated strand 5' of a hemimethylated GATC site, DNA helicase II unwinds 
the heteroduplex and the nicked, error-containing strand is degraded by the 
exonucleolytic activity of ExoVil or RecJ if the nick was 5' of mismatch, or Exol if 
the nick was made 3' of mismatch. It has been suggested that the mismatch moves 
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holoenzyme fills-in the gap (F) and ligase repairs the nick (G). Some of these steps 
are hypothetical (see text for details). 
3.1.3 Involvement of MMR Proteins in other DNA Metabolic 
Pathways 
Apart from MMR, MutS and MutL also play key roles in transcription-
coupled repair (Mellon and Champe, 1996), in short patch repair of G-T mispairs and 
in homologous recombination (reviewed in (Modrich, 1991). Transcription-coupled 
repair (TCR) is initiated when RNA polymerase stalls at a lesion (e.g. a UV light-
induced cyclobutane pyrimidine dimer) in the transcribed strand (Mellon and 
Hanawalt, 1989) and a region is formed where the two DNA strands are melted and 
the RNA transcript is paired with its template ('transcription bubble'). When Mellon 
and Champe (1996) studied the effects of mutations in MMR genes on TCR in UV-
irradiated E. coli cells they found that TCR was abolished in mutS and mutL mutants 
whereas TCR in a mutH strain matched TCR found in wild-type cells. They 
suggested that some feature of the transcription bubble is recognised by MutS, and 
that binding of MutL initiates loop-formation with the stalled RNA-polymerase 
inside the looped region. The RNA polymerase is then thought to be removed from 
the lesion by a factor called Mfd (for mutation frequency decline) which is encoded 
by the mfd gene of E. coli (Selby and Sancar, 1993) so that the lesion is available for 
UvrAB CD- mediated nucleotide excision repair (Selby and Sancar, 1994). In mutS 
and mutL mutants lesion repair went to completion at a rate that was similar for the 
transcribed and the non-transcribed strand. 
Furthermore, the antirecombination activity of the MutHLS system helps 
prevent recombination between diverged sequences (Rayssiguier et al. 1989). How 
exactly MMR acts as a barrier to homologous recombination is unclear. Mismatches 
have been shown in vitro to inhibit RecA-mediated strand invasion (DasGupta and 
Radding, 1982) and during homeologous recombination between bacteriophage fd 
and M13 (3 % divergence) MutS and MutL have been found to arrest RecA-
mediated branch migration (Worth et al. 1994). A recent in vivo study of 
recombination between closely related species of Salmonella supports the idea that 
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inhibition of branch migration by mismatches and their recognition by MutS and 
MutL form a barrier to recombination (Zahrt and Maloy, 1997). 
3.1.4 MMR in Lower and Higher Eukaryotes 
3.1.4.1 MutS-Related Proteins 
The discovery of several mutS- and mutL homologues in yeast, mouse and 
man indicated that MMR pathways are evolutionary highly conserved. Two MutS-
related mismatch-binding heterodimers have been identified at the centre of 
eukaryotic MMR, MSH2-MSH6 and MSH2-MSH3, also referred to as MutSa and 
MutS3, respectively (reviewed in Kolodner, 1996; Jiricny 1998b). The G/T-
mismatch binding factor, originally identified in human cell extracts by Jiricny et aL 
(1988), was later shown to consist of hMSH2 and hMSH6 (Drummond et al. 1995; 
Palombo et al. 1995). Genetic analyses of S. cerevisiae MSH2-MSH6 showed that it 
is required for repair of single base mismatches and single nucleotide IDLs 
(Marsischky et al. 1996; Johnson et al. 1996). Although these genetic studies 
suggested that MSH2-MSH6 is not involved in repair of larger IDLs, in vitro 
binding of S. cerevisiae MSH2-MSH6 complex to IDLs formed from palindromic 
sequences of 12 bp and 14 bp (Alani, 1996) and to IDLs containing 8 or more 
unpaired bases has been reported (Kolodner and Marsischky, 1999). In contrast, 
repair of IDLs with up to 8 unpaired bases has already been shown for human 
MSH2-MSH6 complex (Genschel et al. 1998). The affinity of both human and S. 
cerevisiae MSH2-MSH6 complex for the eight different single base mismatches 
seems to be influenced by the sequence surrounding the mispair (Macpherson et al. 
1998; Kolodner and Marsischky, 1999). Interestingly, Macpherson et al. (1998) 
found that CA-loops and A-loops that were embedded in corresponding repetitive 
sequences were much better bound by hMSH2-hMSH6 than IDLs that were 
surrounded by non-repetitive sequences. 
Repair of single JDLs, but not single base:base mismatches, is also supported 
by MSH2-MSH3 complex. In fact, the main role of S. cerevisiae MSH2-MSH3 
complex in MMR appears to be recognition and repair of larger IDLs (Sia et al. 
1997). Human MSH2-MSH6, however, seems to be sufficient to complement repair 
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of even large IDLs in cell extracts deficient in both hMSH2-hMSH6 and hMSH2-
hMSH3 indicating a principal role of hMSH2-hMSH6 complex in human MMR 
(Genschel et al. 1998). Interestingly, overexpression of hMSH3 was found to cause 
a mutator phenotype that was likely caused by the lack of hMSH2-hMSH6 complex 
due to formation of more hMSH2-hMSH3 complex (Marra et al. 1998). However, as 
pointed out before, under normal circumstances hMSH2 preferentially forms 
complexes with hMSH6. 
Three other mutS-homologues have been identified in S. cerevisiae. MSHJ is 
required for mitochondrial genome stability in S. cerevisiae (Reenan and Kolodner, 
1992; Chi and Kolodner, 1994), but no human homologue has yet been identified. 
MSH4 and MSH5 of S. cerevisiae (Ross-Macdonald and Roeder, 1994; 
Hollingsworth et al. 1995) and their human homologues, hMSH4 and hMSH5 
(Winand et al. 1998; Paquis-Flucklinger et al. 1997) form heterodimers as well and 
are thought to function during meiotic recombination rather than MMR. 
3.1.4.2 MutL-Related Proteins 
Protein-protein interaction experiments demonstrated that a MSH2 
containing complex (MSH2-MSH6 or MSH2-MSH3) that is bound to a mispaired 
base(s) interacts with a heterodimeric MutL-related MLH 1 -containing - complex 
(MLH1-PMS1 20 or MLH1-MLH3 21 ) (Prolla et al. 1994; Li and Modrich, 1995). 
MLH1-PMS 1 has been shown to interact with both MSH2-containing heteroduplex 
complexes while MLH1-MLH3 complex seems to act only with MSH2-MSH3 in the 
repair of IDLs (Flores-Rozas and Kolodner, 1998). Differences in the frequency with 
which various frameshifts occurred in m1h3 msh6 double mutants suggested to 
Flores-Rozas and Kolodner (1998) that proficient interaction between the MSH2-
MSH3 and MLH1-MLH3 complexes is affected by the mispair, and Kolodner and 
Marsischky (1999) proposed that this could also indicate a role of MLH 1-containing 
complexes in mismatch recognition. Similarly to E. coli, where MutL enhances 
binding of MutS to the mismatch (Drotschmann et al. 1998), MLH1-PMS1 complex 
of yeast has been shown to increase the mispair binding efficiency of MSH2-MSH3 
20  PMS2 in humans 
21  PMSI in humans 
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(Habraken et al. 1997). A fourth MutL-related protein, MLH2, has been identified in 
S. cerevisiae (Crouse, 1998), but it does not appear to function in MMR (Flores-
Rozas and Kolodner, 1998). Like MutL, MutL-related proteins in eukaryotes have 
been suggested to function as molecular chaperones. 
3.1.4.3 Involvement of other Proteins in Eukaryotic MMR 
As anticipated from the knowledge about the repairosome of E. coli 
additional factors are required for MMR in eukaryotes. So far, Exoflucleasel 
(EXO1), Flap-endo/exonuclease 1 (FEN1, RAD27), DNA polymerases S and 
, replication protein A (RPA), replication factor C (RFC) and proliferating cell 
nuclear antigen (PCNA) have all been implicated in MMR (Kolodner and 
Marsischky, 1999; and references therein). 
Both yeast EXO1 (Tishkoff et al. 1997a) and human Exol (Schmutte et al. 
1998) interact with MSH2. Mutations in the EXO] gene of S. cerevisiae cause only a 
weak mutator phenotype suggesting, not unexpectedly, that there are other 
exonucleases involved in MMR (Tishkoffet al. 1997a). 
Rad27 mutants of S. cerevisiae are strong mutators (Johnson et al. 1995). 
RAD27 was shown to be a nuclease with a role in processing of 5' ends of Okazaki 
fragments. Based on the extensive analysis of the mutation spectra of S. cerevisiae 
rad27 mutants, which revealed mostly duplications, Tishkoff et al. (1997b) proposed 
a novel mutation avoidance mechanism involving RAD27. A similar rate of 
frameshift mutations in exo] and rad27 mutants of S. cerevisiae seems to indicate 
that RAD27 also acts as an exonuclease in eukaryotic MMR (Marsischky et al. 1996; 
Tishkoffet al. 1997ab). 
DNA polymerase S and other replication factors, such as PCNA, RFC, RPA 
have also been implicated in MMR. DNA polymerase S and RPA are likely to have 
roles in MMR that are similar to those of their bacterial counterparts DNA 
polymerase III and SSB, respectively. RFC, which is part of the DNA polymerase 
holoenzyme (Cullmann. et al. 1995) loads PCNA, a replication processivity factor, 
onto the DNA. PCNA, coded for by the POL30 gene of S. cerevisiae, functions as 
the sliding clamp that tethers DNA polymerase to the DNA template. Numerous 
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studies have indicated a key role for PCNA in MIVIR. Apart from its function during 
the DNA synthesis step (Longley et al. 1997), Gu et al. (1998) identified a role of 
PCNA in earlier stages of MIvIR. They showed that PCNA interacts with bMSH2, 
hMLH1 and hPMS2 and that this interaction is ATP-dependent suggesting that 
PCNA is part of the MMR initiation complex. Interaction of human PCNA with 
FEN1 has also been demonstrated (Chen et al. 1996; Warbrick et al. 1997). Not 
surprisingly, poi30 mutants of S. cerevisiae have mutator phenotypes (Umar et al. 
1996; Johnson et al. 1996; Eissenberg et al. 1997). 
3.1.4.4 What is the Strand Discrimination Signal in Eukaryotes? 
How the eukaryotic Mtv1R machinery distinguishes between old and newly 
replicated DNA is still an unanswered question. Unlike E. coli, S. cerevisiae does not 
methylate its DNA. Therefore strand discrimination in yeast must be accomplished 
otherwise. Holmes et al. (1990) and Thomas et al. (1991) showed that single base 
mispairs and single-base JDLs that are present on plasmids are repaired in a strand-
specific and hi-directional manner in HeLa cell extracts if the plasmid contains a 
single strand nick. In E. coli it has also been shown that in the presence of a single 
strand nick, MutS and MutL are sufficient for IvDvfR, i.e. there is no requirement for 
endonucleolytic nicking by MutH. Hence, discontinuities in the daughter strand of 
the lagging strand could provide a strand discrimination signal for lagging strand 
repair in vivo. DNA termini that are produced at the replication fork have been 
proposed to provide this type of strand discrimination signal. Because of the finding 
of Gu et al. (1998) that PCNA associates with the MIvIR initiation complex it has 
also been proposed that PCNA may tie these proteins directly to the replication 
machinery (Jiricny, 1998a). Or PCNA might help assemble a MMR initiation 
complex that contains an as yet unidentified factor with a role in strand 
discrimination (Kolodner and Marsischky, 1999). 
In contrast to the genomes of S. cerevisiae, Drosophila melanogaster and 
Caenorhabditis elegans, the somatic mammalian genome is globally methylated with 
the exception of so-called CpG-islands (Bird, 1986). Recently, Hendrich and Bird 
(1998) have identified a group of human methyl-CpG-binding proteins, MBD1-4, 
and it is interesting to note here that one of these novel proteins, MBD4, "produced a 
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series of low-scoring hits to bacterial DNA repair enzymes". This sequence 
homology suggested to the authors a possible link between DNA repair and 
methylation. In vivo MBD4-GFP22 was shown to localise preferentially to regions of 
the genome that are known to be highly methylated (e.g. the major satellite in wik-
type murine cells), and this binding was shown to be methylation-dependent. In vitro, 
MBD4 was found to a form complex with methylated double-stranded DNA and to a 
lesser extent with hemimethylated DNA, and failed to bind unmethylated DNA. 
Since MBD4 formed complexes with a number of different methylated probes, the 
authors concluded that DNA-binding by MBD4 is not sequence-dependent. 
In a screen for human proteins that interact with hMLH1, Bellacosa et al. 
(Bellacosa et al. 1999) selected MBD4 23 lending further support to the hypothesis 
that MBD4 is involved in DNA repair. The authors showed that MBD4 has 
endonuclease activity and that a mutant that lacks the methyl-CpG-binding domain 
(MvIBD) but retains the endonuclease activity displays increased (CA) 28 repeat 
instability compared to the wild-type. Such microsatellite instability is typically 
found in cancer cells that lack MMR proteins such as hMSH2, hMLH1 and hPMS2 
(see below). It will be important now to determine whether MBD4 is indeed the 
MMR protein that provides the strand discrimination signal. However, unlike the 
situation in E. coli where the lag between DNA replication and methylation provides 
a window for MMR, human DNA methyltransferase is associated with PCNA at the 
replication fork (Chuang et al. 1997) and there is additional evidence that 
mammalian DNA replication and methylation may occur simultaneously (Araujo et 
al. 1998). So, MBD4 might turn out to be a novel DNA repair protein, but not 
necessarily the one that provides strand discrimination in MMR. 
3.1.5 Evidence for Repair of IDLs by MMR in Pro- and Eukaryotes 
First in vivo evidence of repair of IDLs by MMR was provided by Radman 
and colleagues (Dohet et al. 1986). The observation of strand-specific repair of 
single unpaired extra bases, so-called single base IDLs, in phage ?. DNA upon 
22 GFP-grçen-fluorescent protein 	- 
23 
Unaware at the time of submission that the protein had been identified previously, Bellacosa et al. (1999), 
named the protein MED I, for methyl-CpG-binding endonuclea.se I. MEDI and MBD4 are identical proteins. 
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transfection into E. co/i led them to suggest that MMR removes single-base 
insertions and deletions that arise during DNA replication in vivo. Furthermore they 
observed that an 800-bp unpaired region was not repaired suggesting an upper size 
limit of unpaired regions that can be repaired by MMR in E. coli. 
Levinson and Gutman (1 987b) asked whether IDLs of two or even more 
bases in a (CA) 20 dinucleotide repeat are also subjected to such repair. They 
developed a simple screen by which certain frameshift mutations in a variety of 
simple tandem repeats in the bacteriophage M13mp18 were detectable by the change 
of plaque colour from blue to white or vice versa. The presence of the repetitive 
sequence in the phage caused a 50- to 150-fold increase in the number of frameshift 
mutations compared to a control phage which did not contain this repeat. Mutations 
in mutS and mutL led to a further 14- and 13-fold increase, respectively, in frameshift 
mutations. They also determined that the stability of the dinucleotide repeat tract was 
inversely correlated to its length. In fact the shorter (CA) 11 repeat had a 4-fold higher 
stability than (CA)20. Of all sequenced frameshift mutations 96 % were insertions or 
deletions of 2 bp units. Among the changes, which they proposed had arisen by 
slipped strand mispairing during replication, 2-bp deletions were more frequent than 
2-bp insertions followed by 4-bp deletions, the relative frequencies of these events 
being about 18:6:1, respectively. If a large sample of phage was analysed in wild-
type E. co/i 2-bp deletions were found to be about 3 times as frequent as 2-bp 
insertions indicating that mutations in mutS and mutL did not significantly effect that 
relationship. That most of slipped strand mispairs were repaired by a mismatch repair 
system that acts only on hemimethylated, hence freshly replicated, DNA provided 
further evidence in favour of the idea that DNA slippage occurs during DNA 
replication. 
Halliday and Glickman (1991) found a similar preference for deletions in 
mononucleotide runs where 1-bp deletions accounted for three times as many 
frameshifts as 1-bp insertions. The role of MMR in frameshift mutation avoidance 
was also confirmed by Learn and Grafstrom (1989) who studied repair of 1-, 2- and 
3-bp insertions in vitro and showed that such small IDLs were as efficiently repaired 
by MMR as G-T mismatches. 
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In like manner mutations in genes involved in MMR in S. cerevisiae, such as 
MSH2, MLHJ and PMS1, were found to significantly destabilise a short (GT) n 
dinucleotide repeat due to failed repair of IDLs which, similarly to the situation in E. 
coli, were assumed to have arisen by polymerase slippage during DNA replication 
(Strand et al. 1993). Mutations in MMR genes led to a 100- to 700-fold increase in 
frameshift mutations if the (GT) n repeat was on a plasmid whereas for the same 
dinucleotide repeat on the chromosome the increase was only 77-fold. This could 
indicate effects of flanking sequence on repeat stability or, in fact, chromosome-
plasmid differences. Although the size changes were similar in yeast (Strand et al. 
1993) and E. co/i (Levinson and Gutman, 1987b) only in yeast they had a significant 
bias towards expansion. That changes of more than 1 or 2 repeat units were not 
observed in MMR-deficient yeast cells was seen as an indication for inefficient 
recognition and/or repair of IDLs with more than 4 unpaired bases. However it could 
also mean that slippage of more than two dinucleotides was extremely rare in this 
system. Although the spontaneous mutation rate increased 100-fold in poi2 and po13 
mutants24 , these mutations had no significant effect on dinucleotide repeat stability. 
These authors were among the first to propose that microsatellite instability observed 
in human hereditary non-polyposis colon cancer (HNPCC) may be due to mutations 
in mismatch repair genes. 
3.1.6 IDLs and the Discovery of Colon Cancer Mutations 
HNPCC is one of the commonest cancer susceptibility syndromes in humans 
affecting 1 or 2 in 500 (Lynch et al. 1992). Peltomaki et al. (1993) identified a locus 
on chromosome 2 that was likely to carry the gene responsible for HNPCC in two 
large kindreds. Using microsatellite markers in the search for loss of heterozygosity 
(LOH) of chromosome 2 markers in HNPCC families, members of the same team 
did not find evidence of LOH, but discovered that microsatellites, most of them 
(CA), were changing length (Aaltonen et al. 1993). Importantly, such dinucleotide 
repeat instability had previously been described by Levinson and Gutman (1987b) in 
mutS mutants of E. coli and later by Strand et al. (1993) in msh2 mutants of S. 
24  The POL2 and POL3 genes encode DNA polymerases epsilon (large subunit) and delta (large subunit), 
respectively, which are essential for DNA replication and involved in repair of UV-damaged DNA (Budd and 
Campbell, 1995 and references therein). 
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cerevisiae (above). Tying these findings together Fishel et al. (1993) identified a 
human mutS homologue, hMSH2, that mapped to chromosome 2p22-21. They cloned 
and characterized this gene and showed that a splice site mutation was the causative 
mutation in two HNPCC kindreds. Two weeks later a second laboratory, working 
independently, reported that by positional cloning they, too, had identified the mutS-
homologue that mapped to the locus for HNPCC on chromosome 2 (Leach et al. 
1993). They confirmed significant homology with the MSH2 gene of S. cerevisiae 
and demonstrated that germline mutations in this gene cosegregated with the disease 
in HNPCC families. Over the past five years, mutations in hMSH2 have turned out to 
be responsible for about 45 % of cases of HNPCC with proven MMR mutations 
(Toft and Arends, 1998). Another 49 % of cases are caused by mutations in hMLHJ, 
6 % are accounted for by mutations in hPMS2 (in S. cerevisiae PMS]) while only 
one HNPCC family so far has been identified with a pmsl mutation (in S. cerevisiae 
MLH3) (Toft and Arends, 1998). 
HNPCC individuals inherit one mutated allele and later acquire a mutation in 
the second allele by either somatic mutation or allele loss. The loss of post-
replicative MMR in such a cell causes a genome-wide replication-error phenotype 
(RER) evidenced by increased microsatellite instability. It has been suggested that 
in these cells growth-controlling genes containing microsatellite sequences may be 
particularly vulnerable to mutations and that such mutations may form an early step 
in tumorigenesis (Ionov et al. 1993). Indeed alterations in the (A) 10 repeat of the 
transforming growth factor beta II receptor (TGFJ3RIJ) gene (Markowitz et al. 1995) 
and the (G)8 tract of the insulin-like growth factor II receptor (IGFIIR) gene (Ouyang 
et al. 1997) have been identified in a number of colon cancer cell lines. Another 
study found that 50 % of RER colon adenocarcinomas studied contained mutations 
in the (G)8 repeat of the apoptosis-promoting BAX gene (for Bcl-2 associated X 
protein) (Rampino et al. 1997). Interestingly, the authors noted that alterations in the 
(G) 8 tract of the BAX gene were preferred over other (G) 8 tracts. This could indicate 
that for some reason the (0)8 tract of the BAX gene may be exceptionally susceptible 
to frameshifts. Somatic alterations in the (A) 8 and (C)8 tracts of hMSH3 and hMSH6, 
respectively, have also been found (Swisher et al. 1998; Malkhosyan et al. 1996). 
Furthermore, microsatellite instability has been found in the majority of pancreatic 
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carcinomas and prostatic adenocarcinomas, as well as in small lung cell cancers, 
renal carcinomas, gastric carcinomas, sporadic colorectal carcinomas and in some 
ovarian tumours, melanomas and gliomas [reviewed in (Toft and Arends, 1998)]. 
Somatic mutations in /iMSH2 and hMLHJ could only be identified in some of these 
cancers suggesting that other (unidentified) DNA repair genes are important (Chung 
and Rustgi, 1995). 
3.1.7 Introduction of Work to be Described in this Chapter 
Long CTG repeats, such as those studied by Kang et al. (1995) (see 1.4 .2.3.1 
CTG Repeat Instability in E. coli) are the exception rather than the rule in human 
TREDs. Much shorter repeats are unstable in most CTG repeat expansion diseases. 
To gain insight into the mutational mechanisms by which such short trinucleotide 
repeats are destabilised, a CTG repeat consisting of just 43 trinucleotides was studied 
in wild-type E. coli and in three mutator mutants of E. coli. A biochemical assay was 
devised to allow the detection of expansions and contractions including insertions 
and deletions of single trinucleotides. The results of the investigation presented in 
this Chapter also form the basis for studies on (CTG) 43 repeat instability in E. coli 
cells with mutations in genes that are involved in structure-directed repair and 
homologous recombination which will be described in Chapter 4. 
In the course of this project CTG repeat instability was studied using two 
pUC-derived plasmids, pDL915 and pDL915R. These two plasmids carry (CTG) 43 
trinucleotide repeats in opposite orientations as insertions in the single EcoRI site of 
pUC18. The original plasmid from which these two plasmids were derived was 
obtained in the laboratory of C. Abbott (University of Edinburgh) using the 
following procedure. A DNA fragment containing a (CTG) 24 repeat and 88 bp of 
flanking sequence was amplified by PCR from the mouse metallothionein-Ill (Mt3) 
gene which maps on chromosome 8 and contains a highly polymorphic CTG repeat 
in its 5' untranslated region (Abbott and Chambers, 1994). The Mt3 gene codes for 
metallothionein-Ill, a small, central nervous system-specific metal-binding protein 
(Blaauwgeers et al. 1996). A primer pair (M68331M6834) was designed to amplify 
the (CTG) 24  repeat and 88 bp of flanking sequence from the inbred strain of 
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laboratory mouse AKRJJ 25 . This PCR product was ligated to EcoRI linkers (5'-
GAATTCCT-3') and inserted into the single EcoRI site of the high copy number 
plasmid pUC18. After passage of this plasmid through a mutS-deficient strain, an 
expanded plasmid was isolated. Sequencing revealed that this plasmid contained an 
EcoRI fragment with an uninterrupted expanded repeat array containing 41 CTG 
trinucleotides. Figure 3-2 explains how the presence of the single asymmetric Sau3A 
site in the EcoRI fragment permitted the identification of the orientation of the EcoRl 
fragments with respect to the origin of unidirectional replication of pUC 18. 
1100 
III 	II I 	 H 	111/ 
205 	966 
CTG repeat on leading strand: orientation A (pDL9I5) 
CTG repeat on lagging strand: orientation B (pDL915R) 
Figure 3-2. Part of a Sau3A restriction map of pDL915 and pDL915R showing the 
differently sized Sau3A restriction fragments expected from restriction of pDL9 15 
and pDL915R. EcoRI fragments are shown in green (pDL915, orientation A) and red 
(pDL915R, orientation B). The filled, black circle indicates the location of the 
replication origin, black vertical lines indicate additional Sau3A restriction sites in 
the plasmids. See Figure 1 of the Appendix for the DNA sequence of the EcoRI 
fragment and the exact location of its diagnostic Sau3A site. S, Sau3A. 
It can be seen from Figure 3-2 that if the (CTG) 41 repeat array is oriented so 
that the CTG sequence is on the leading strand during replication (red box), a Sau3A 
restriction digest would produce 198-bp and 966-bp fragments in addition to the 14 
Sau3A restriction fragments whose length is not affected by the presence of the 
EcoRI fragment. If the EcoRI fragment is in the opposite orientation, the same digest 
would produce 70-bp and 1094-bp fragments. Henceforth the orientation in which 
the EcoRI fragment is inserted so that CTG is on the leading strand during 
replication will be referred to as orientation A. If the EcoRI fragment is found to be 
25 The genome of this strain is basically a mixture of M.m.musculas and M.m.domesticus (Abbott and Chambers, 
1994). 
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the other way around, i.e. if CTG is on the lagging strand during replication, then this 
will be referred to as orientation B. Expanded derivatives of the original plasmids 
with either (CTG)24 or (CTG) 41 were later isolated in our laboratory. They contained 
25 and 43 uninterrupted CTG trinucleotides, respectively (Appendix, Figure 1). 
Plasmids with the EcoRI fragments in the opposite orientation were constructed in 
the course of an earlier project in our laboratory by cleaving both plasmids with 
EcoRI and re-ligating the fragments. The plasmids containing (CTG) 43 in the two 
opposite orientations were labelled pDL915 (orientation A) and pDL915R 
(orientation B), the plasmids containing (CTG) 25 in the two opposite orientations 
were labelled pDL913 (orientation A) and pDL913R (orientation B). 
3.1.8 Procedure Used for the Assessment of CTG Repeat Instability 
mE. coli 
The instability of CTG repeats was studied in wild-type E. coli and in an 
isogenic set of mutS, mutL and mutH mutants. Due to time limitations only the 
stability of the two (CTG) 43 starting populations was assessed in the course of this 
project.. A brief outline of how repeat instability was assessed is given below. 
Competent cells of the appropriate E. coli strain were transformed with pDL9 15 or 
pDL915R starting population and plated immediately as follows: 100 .il were plated 
on a LB agar plate supplemented with ampicillin (100 p.g mt 1 ) (LA agar). If in 
addition the effect of transcription was to be assessed another 100 il of the same 
transformation mixture were plated on a second LB agar plate supplemented with 
ampicillin (100 p.g m1 1 ) and 1 mM IPTG to induce transcription (LAJ agar). After 
overnight incubation at 37 °C, the entire population of ampicillin-resistant colonies 
obtained from each transformation (usually 500 to > 1000 transformants) was 
resuspended in 5 ml of L broth. Populations of more than 500 transformants were 
used for this analysis instead of single transformants in order to reduce variation 
between experiments. Of this 5-mi cell suspension 1 ml was pelleted by 
centrifugation and plasmid DNA was prepared. In the following experiments this 
plasmid DNA is referred to as 'day 0'. Another 50 .tl of the cell suspension were used 
to inoculate 5 ml of L broth supplemented with 100 p.g rn1 of ampicillin (LA broth) 
or L broth supplemented with ampicillin and 1 mM IPTG (LAI broth, see Table 3-1). 
142 
Chapter 3 CTG Repeat Instability in Wild-Type and MMR-Deficient E. coli Strains 
Every day these cultures were diluted 1 in 100 into fresh 5 ml of LA broth or LAI 
broth until the time course was terminated after 14 days. It was estimated that 
approximately 7 cell divisions (27generations = 128) occurred before diluted 5-mi 
cultures entered stationary phase again. During the 14-day time course, plasmid 
DNA was prepared from 4.5 ml of bacterial cultures on day 1, day 7 and day 14. If 
plasmid DNA was not prepared immediately, then cell pellets were frozen at -70°C. 
Several such 14-day time courses starting from independent transformations were 
carried out for every E. coli strain and each plasmid, in the absence or presence of .  1 
mM IPTG. 
Table 3-1. Presence and absence of 1 mM IPTG during cultivation of pDL915 and 
pDL915R. The designations 0, I, II and III are used as superscripts in figures of this 
and the following chapter. 
Designation 	1 mM IPTG in LB Plate 	1 mM IPTG in Culture Media 
0 - 	 - 
I - 	 + 
II + 	 - 
III + 	 + 
At the beginning of this investigation cultures were always split into two on 
day 0 so that two 14-day time courses were carried out in parallel. The mean of the 
data obtained from these two time courses was treated as the result of a single 
transformation. This was introduced as a precaution when working with mutator 
strains. However as will be shown later in this chapter, even cultures of mutS-
deficient cells that were split on day 0 did not vary on day 7. After this result was 
obtained cultures were no longer split on day 0. Instead an additional independent 
transformation was carried out to increase the confidence of the results. The same 
strategy was applied to the study of (CTG) 4 3 repeat instability in recA, recG and 
sbcCD mutants of E. coli, the results of which are presented in Chapter 4. CTG 
repeat lengths in purified plasmid populations were determined using the 
biochemical assay described in Chapter 2 (2.2.4.6. Radioactive Labelling of Double-
Stranded DNA Fragments). In order to obtain mutation spectra of pDL915 and 
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pDL915R Phosphorlmages were quantified as described in Chapter 2 (2.2.4.10 
Quantification of Phosphorimages Using Image QuantTM) and the percentage values 
of the starting population (see below) were substracted. Using the descriptive 
statistics function of MSExcel 5.0 the confidence interval of the presented mean was 
calculated at a significance of 0.05. Complete data sets for each analysed E. coli 
strain are given in the Appendix, Tables 1 to 8. 
3.2 Results 
3.2.1 Preparation of Monomeric Starting Populations of pDL913, 
pDL913R, pDL915 and pDL915R 
Sufficient quantities of purified plasmid DNA containing either (CTG)25 
(pDL9 13 and pDL9 1 3R) or (CTG) 43 (pDL9 15 and pDL9 1 5R) in the two opposite 
orientations were made available to this project. However, while pDL913, pDL913R 
and pDL915 were in monomeric form, pDL915R appeared to be in mainly dimeric 
form. It was therefore decided to monomerise pDL915R and then to prepare new 
monomeric plasmid stocks from all four plasmids. For that purpose pDL915R was 
linearized by cleavage with HindIII and then re-ligated. This ligation mixture was 
used for transformation of DL887. (recA) and a colony was selected whose plasmid 
DNA was monomeric. New stocks of all four plasmids were then prepared from 100-
ml overnight cultures grown from single DL887 transformants. 
The presence of the EcoRI inserts containing the CTG repeats was confirmed 
in all four plasmid preparations by agarose gel electrophoresis. The exact number of 
uninterrupted CTG trinucleotides in pDL913 and pDL913R was determined by 
manual sequencing using sequencing primer 596L. Manual sequencing and 
automated sequencing were used to determine the number of trinucleotides in 
pDL915 and pDL915R. Sequencing revealed uninterrupted arrays of 25 CTG 
trmucleotides in pDL913 and pDL913R and 43 CTG trinucleotides in pDL915 and 
pDL915R. Sequencing also confirmed that repeat arrays in pDL913 and pDL913R as 
well as in pDL9 15 and pDL915R were in opposite orientations. These large scale 
preparations of all four plasmids will be referred to as 'starting populations' in this 
thesis. 
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3.2.2 Biochemical Analysis of CTG Repeat Length in the Starting 
Populations 
The various CTG repeat lengths in the starting populations of pDL913, 
pDL913R, pDL915 and pDL915R were analysed using the biochemical assay 
described in Chapter 2 (2.2.4.6 Radioactive Labelling of Double-Stranded DNA 
Fragments). Briefly, of each plasmid preparation 2 tg of DNA were digested to 
completion with the restriction endonuclease EcoRI and then endlabelled with a 35 S-
dATP using Kienow enzyme. The DNA fragments were separated in a native 5 % 
Long RangerTM gel until the bromophenol blue band had reached the bottom of the 
gel (approximately 1.5 hours). The Phosphorlmage shown in Figure 3-3 was 
developed using a Molecular Dynamics PhosphorlmagerTm after the dried gel had 
been exposed overnight to a phosphor storage screen. 
(CTG)2. (CTG) 
A I B A lB 
I 43 
Figure 3-3. Phosphorlmage showing the 
25 biochemical analysis of CTG repeat lengths in 
the starting populations of pDL913, pDL913R, 
pDL915 and pDL915R (lanes 1, 2, 3 and 4, 
respectively). Numbers on the right of the gel 
indicate the number of CTG trinucleotides in 
the founder plasmids. 
It can be seen from Figure 3-3 that in addition to the founder repeats, either 
(CTG)25 or (CTG)43, all four plasmid preparations contain various other repeat 
lengths ranging from (CTG) 8 to (CTG)39 in both orientations of (CTG) 25 , and from 
(CTG)9 to (CTG) 65 in both orientations of (CTG) 43 . All radioactive bands seen on this 
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CTG repeat always involve whole repeat units. That 6-bp gaps are formed above and 
below the founder repeat lengths suggests either that insertions and deletions of 
single repeat units do not occur in DL887 or that they are repaired prior to the next 
round of replication. (The analysis of CTG repeat instability in MMR-deficient 
strains later in this Chapter will show that the latter is true). In order to obtain the 
mutation spectra of all four starting populations shown in Figure 3-3 the intensity of 
the radioactive bands in lanes 1 to 4 was measured using a PhosphorlmagerTm and 
the percentage of each band was determined using ImageQuant Tm software. The 
results of the quantification are shown below. 
zi 54 57 60 63 
Repeat Length (Number of Trinucleotides) 
Figure 3-4. Mutation spectra of pDL913, pDL913R, pDL915 and pDL915R starting 
populations isolated from 100-mi overnight cultures grown from single transformants 
of DL887 (for percentage values see Table 3-2). 
These mutation spectra show that pDL913 and pDL913R contain similar 
amounts of plasmids with the original number of 25 trinucleotides, 90.7 % and 
92.9 %, respectively. Expectedly both orientations of (CTG) 43 were found to be more 
unstable than this, but they too yielded similar amounts of original repeat length for 
orientation A and orientation B; 69.8 % and 74.8 %, respectively (Table 3-2). 
Despite the similarity in the amount of original repeat length, the band patterns differ 
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notably between the two opposite orientations of the same repeat length. For 
example, in orientation A of both (CTG) 25 and (CTG)43 , expansions by two and four 
trinucleotides as well as contractions by 2 trinucleotides dominate while the band 
patterns generated in orientation B of both founder repeats are comparatively 
uniform. A third prominent expansion product, (CTG) 50, appears only in orientation 
A of (CTG) 43 . Insertions and deletions of single trinucleotides are very rare in all 
four CTG repeat populations. 
Table 3-2. Instability of (CTG) 25 and (CTG)43 repeats in two opposite orientations in 
DL887 (recA) as derived from the mutation spectra of the starting populations in 
Figure 3-4 (shown in %). The amount of (CTG) 43 or (CTG) 25 founder repeat in the 
plasmid population is referred to as original length while the sum of fragments 
migrating faster than the founder repeats is referred to as contraction and sum of 
fragments migrating more slowly is referred to as expansion. 
pDL9I3 pDL913R pDL915 pDL915R 
Original Length 	90.8 92.7 69.8 74.6 
Expansion 	 4.7 4.1 22.4 11.9 
Contraction 	4.6 3.0 7.8 13.5 
It has to be noted that some of the weak radioactive bands that are visible on 
Phosphorlmages were not included in the quantification because distinct peaks could 
not be created at these locations in the gel so that quantification would have been 
inaccurate. For example, in the pDL913 population (CTG) 8 to (CTG) 12  are abundant 
enough to generate visible bands on the Phosphorlmage, but they are too weak to 
create peaks discrete enough for quantification with ImageQuantTM software. 
Therefore (CTG) 1 3 is the smallest fragment that was included in the quantification of 
the pDL913 population (lane 1). Since such weak bands usually accounted for less 
than 0.5 % of the entire CTG repeat population final results were not markedly 
affected. 
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3.2.3 CTG Repeat Instability in the Wild-type E. coli Strain DL324 
3.2.3.1 Biochemical Analysis of CTG Repeat Length 
Using the procedure outlined above the stability of pDL915 and pDL915R 
starting populations was analysed in the wild-type E. co/i strain DL324. 
Representative examples of biochemical analyses of CTG repeat lengths in the two 
opposite orientations, in the absence and presence of IPTG to induce transcription, 
isolated from the wild-type strain DL324 at the beginning and the end of the 14-day 
time course are shown in Figure 3-5. The Phosphorlmages show that propagation of 
pDL915 and pDL915R in wild-type E. coli for 1 day is not sufficient to notably 
change the band patterns seen in the starting populations (see Figure 3-3, lanes 3 and 
4 for comparison) indicating only moderate instability of the (CTG) 43 repeat 
population in DL324. This is underlined by the fact that throughout the 14-day 
cultivation period (CTG) 43 remained the major subpopulation in both orientations. 
Nonetheless it can be seen from Figure 3-5b that after 14 days several dominant 
bands observed in the starting population have weakened and the band patterns in 
both repeat orientations have become more uniform. Interestingly, the 6-bp gaps 
above and below (CTG) 43 are visible throughout the 14-day time course. Otherwise 
all possible repeat lengths between (CTG) 5 and (CTG) 68 were detected. 
a) day 1 	 IPTG 	I 	+ IPTG 
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Figure 3-5. Phosphorlmages showing examples of biochemical analyses of plasmid 
mixtures pDL9 15 and pDL9 1 5R isolated from DL324 (wild-type) on day 1 (a) and 
on day 14 (b). Superscripts (0, I, II, HI) relate to information in Table 3-1. Numbers 
on the right of the gel indicate the number of CTG trinucleotides in selected EcoRI 
fragments. Numbers 1 and 2 indicate two independent transformations. 
3.2.3.2 Change of the Mutation Spectra of pDL915 and pDL915R 
The mutation spectra of orientation A and orientation B are shown in Figure 
3-6 and Figure 3-7, respectively. As before, they were obtained by quantifying the 
intensity of the radioactive bands on Phosphorlmages such as shown in Figure 3-5. 
Each Figure contains two charts. The column height in the first chart indicates the 
percentage values for each CTG repeat length as determined on day 0 and day 14 
revealing how the repeat populations have changed between day 0 and day 14. The 
second chart shows the percentage values for each CTG repeat length as in the first 
chart, but after the percentage values of the starting population had been subtracted 
from the observed spectrum. This reflects more accurately the changes that actually 
took place during propagation in DL324. If the full column height for the original 
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Repeat Length Change (Number of Trinucleotides) 
Figure 3-6. Repeat lengths distribution (a) and mutation spectra (b) of orientation A 
(pDL915) in the wild-type E. coli strain DL324 on day 0 (grey) and on day 14 (red). 
In chart a) the column height represents the percentage values for each CTG repeat 
length as identified by biochemical analysis of plasmid DNA. In chart b) the column 
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height shows average decreases or increases in the percentage values compared to 
the starting population. The decreases in the percentage values of (CTG) 43 which are 
not shown in the chart were identified as being 10 % on day 0 and 23 % on day 14. 
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Repeat Length Change (Number of Trinucleotides) 
Figure 3-7. Repeat lengths distribution (a) and mutation spectra (b) of pDL9 1 5R 
(orientation B) in DL324 (wild-type) on day 0 (grey) and on day 14 (green). In chart 
a) the column height represents the percentage values for each CFG repeat length as 
identified in wild-type cells. In chart b) the column height shows average decreases 
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or increases in the percentage values compared to the starting population. The 
decrease in the percentage value of (CTG) 43 was identified as being 14 % on day 0 
and 40 % on day 14. 
It can be seen from Figures 3-6 and 3-7 that at the end of the time course 
fewer repeats of the original length are observed in orientation B than in orientation 
A. Although very rare, 3-bp deletions are slightly more frequent than 3-bp insertions 
in both orientations. While the amount of repeats that have either lost or acquired 2 
repeat units increases in orientation B, only repeats that have lost two repeat units 
increase in orientation A. The mutation spectra also show that in both orientations 
contracted repeat arrays form a larger population than expanded repeat arrays, and 
that this is more obvious in orientation B than in orientation A. Differences in the 
amount of expanded repeat arrays between day 0 and day 14 are small in both 
orientations with the exception of (CTG)45 in orientation A whose presence clearly 
weakens during the 14-day time course. Since the decrease in (CTG)45 is likely 
caused by loss of two repeat units thereby increasing the amount of (CTG) 43 in 
orientation A, it cannot be evaluated exactly how much of the orientation-
dependence of repeat stability that is seen in wild-type E. co/i is due to higher 
stability of (CTG)43 in orientation A and how much is due to contraction of (CTG) 45 
by two repeat units. However, the increase in the percentage value of (CTG) 4 3 due to 
contraction of (CTG) 45 seems rather small since most of the (CTG) 45 subpopulat ion is 
recovered at the end of the 14-day time course (13 % on day 0; 9 % on day 14). 
In Table 3-3 the percentage values of CTG repeats of original, contracted and 
expanded length are summarised (for complete data set see Appendix, Table 1). In 
this table, and henceforth, the sum of the percentage values of bands migrating faster 
than (CTG)43 is referred to as 'Contraction' while fragments that migrate more slowly 
than (CTG) 43 are referred to as 'Expansions'. Fragments that contain 43 CTG 
trinucleotides are referred to as 'Original' length. However, it is important to note that 
the CTG repeat populations studied here are dynamic populations which are 
continuously expanding and contracting. Thus, fragments here referred to as 
contraction may as well have undergone numerous expansions, just as expanded 
fragments may have undergone deletions. Similarly, the (CTG) 43 subpopulation here 
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referred to as Original length probably contains fragments that first lost repeat units 
and later acquired some, or vice versa. 
Table 3-3. Destabilisation of pDL915 (orientation A) and pDL9I5R (orientation B) 
in DL324 during a 14-day time course. Transformants were cultured in the presenc ie  
or absence of IPTG to induce transcription [confidence intervals (CI): 95 %]. 
Plasmid DNA Orientation A Orientation B 
isolated on - IPTG + IPTG - IPTG +IPTG 
Original  
DayO 60.0 ±2.1 58.3 ±4.6 60.3 ±1.4 59.1 ±2.2 
Day 1 61.8 ±1.6 61.4 ±1.9 59.0 ±33 59.9 ±3.4 
Day7 52.7 ±1.6 54.2 ±4.5 49.1 ±3.3 48.1 ±3.5 
Day 14 47.9 ±3.5 44.0 ±4.4 1 	34.5 ±5.2 32.8 ±2.6 
Contractions 
DayO 12.8 ±0.6 12.5 ±1.6 20.7 ±0.1 19.0 ±0.8 
Day 1 15.1 ±1.6 14.2 ±1.5 22.8 ±3.3 22.1 ±2.6 
Day7 24.0 ±1.3 20.6 ±4.2 30.5 ±3.3 30.9 ±2.0 
Day 14 29.9 ±4.1 1 	31.0 ±4.0 1 	44.2 ±4.5 46.2 ±3.1 
Expansions  
Day 0 27.2 ±1.5 29.1 ±2.9 18.9 ±1.4 21.9 ±3.0 
Day 1 23.2 ±0.9 24.4 ±1.0 18.2 ±0.4 18.0 ±1.4 
Day7 23.3 ±0.5 25.3 ±0.3 20.2 ±1.2 20.6 ±2.2 
Day 14 	1 22.4 ±3.5 1 	25.0 ±4.8 1 	21.2 ±0.7 1 	21.0 ±3.4 
It can be seen from Table 3-3 that at the end of the time course more repeat 
arrays of the original repeat length are recovered if the repeat is in orientation A than 
if the repeat is in orientation B. This difference between orientation A and B is due a 
higher percentage of contracted plasmids observed in orientation B. Throughout the 
14-day time course consistently more expanded repeats are observed in orientation A 
than in orientation B, but the difference between the two orientations is only small. 
Even though the percentage values of expanded repeat arrays undergo only small 
changes in either orientation between days 0 and 14, orientation B seems to acquire 
some expansions while orientation A loses some. In both cases, expansion appears to 
occur at a level that allows the cell to maintain approximately the number of 
expanded plasmids that were present at the beginning of the time course while 
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deletion is going on. The induction of transcription by addition of I mM IPTG to the 
growth medium does not significantly affect the amount of original, expanded and 
contracted repeats recovered in either orientation at any time during the time course. 
3.2.4 CTG Repeat Instability in MMR Mutants of E. coli 
3.2.4.1 Biochemical Analysis and Mutation Spectra of pDL915 and pDL915R 
In order to study effects of MMR-deficiency on the stability of the two 
starting populations, E. co/i strains that carry mutations in ,nutS, mutL or mutt! genes 
were transformed with pDL915 and pDL915R starting populations and repeat 
stability was analysed as above. The results of this investigation are shown below. 
For each of the three mutator strains a figure is presented consisting of a 
Phosphorlmage showing representative biochemical analyses of plasmid DNA 
recovered at different time points during the 14-day time course (part A) and three 
charts showing mutation spectra of orientation A and orientation B (part B). The first 
two charts of part B (a, b) show how the mutation spectra of the two orientations 
have changed between day 0 and day 14 while the third chart (c) compares the 
mutation spectra of the two orientations on day 14. 
mutL-deficient E. coli strain DL936 
Part A) 
dayl day7 day 14 
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Part B) 
a) orientation A 
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Figure 3-8. Destabiisation of pDL9 15 (orientation A) and pDL9 1 5R (orientation B) 
starting populations in the mutL-deficient E. coli strain DL936. Part A) Examples of 
biochemical analyses of pDL915 and pDL915R isolated on days 1, 7 and 14. 
Cultures were split before inoculation on day 0, e.g. A was split into Al and A2. 
Cells were cultured in the absence (-) or presence (+) of 1 mM IPTG. Numbers on 
the right of the gel indicate the number of CTG trinucleotides in selected EcoR1 
fragments. Part B) a) Comparison of the mutation spectra of orientation A on days 0 
and 14; b) comparison of the mutation spectra of orientation B on days 0 and 14; c) 
comparison of the mutations spectra of the two opposite orientations on day 14. The 
decreases compared to the starting population in the percentage values of (CTG) 43 
which are not shown in the charts are as follows: orientation A and B (day 0): 24 % 
and 26 %, respectively, orientation A and B (day 14): 48 % and 53 %, respectively. 
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mufS-deficient E. coli strain DL902 
Part A) 
dayo dayl dayl dayl4 
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Figure 3-9. Destabilisation of pDL915 (orientation A) and pDL915R (orientation B) 
starting populations in the mutS-deficient E. coli strain DL902. Part A) Examples of 
biochemical analyses of pDL915 and pDL915R isolated on days 0, 1, 7 and 14. 
Cultures were split before inoculation on day 0, e.g. A was split into Al and A2. 
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Cells were cultured in the absence (-) or presence (+) of 1 mM IPTG. Numbers on 
the right of the gel indicate the number of CTG trinucleotides in selected EcoRI 
fragments. Part B) a) Comparison of the mutation spectra of orientation A on days 0 
and 14; b) comparison of the mutation spectra of orientation B on days 0 and 14; c) 
comparison of the mutations spectra of the two opposite orientations on day 14. The 
decrease compared to the starting population in the percentage values of (CTG)43 
which is not shown in the charts are as follows: orientation A and B (day 0): 21 % 
and 23 %, respectively, orientation A and B (day 14): 44 % and 52 %, respectively. 
mutH-deficient E. coli strain DL1179 
Part A 
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Figure 3-10. Destabiisation of pDL915 (orientation A) and pDL915R (orientation 
B) starting populations in the mutH-deficient E. coli strain DL! 179. Part A) 
Examples of the biochemical analysis of pDL915 and pDL915R isolated on days 0 
and 1 (a) and on days 7 and 14 (b). Numbers 1 and 2 (eg. Al, A2 or Bi, B2) 
represent independent experiments. Cells were cultured in the absence (-) or presence 
(+) of 1 mM IPTG. Numbers on the right of the gel indicate the number of CTG 
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trinucleotides in selected EcoRI fragments. Part B) a) Comparison of the mutation 
spectra of orientation A on days 0 and 14; b) comparison of the mutation spectra of 
orientation B on days 0 and 14; c) comparison of the mutations spectra of the two 
opposite orientations on day 14. The decreases compared to the starting popu1atkiis 
in the percentage values of (CTG) 43 which are not shown in the charts are as follows: 
orientation A and B (day 0): 21 % and 21 %, respectively. orientation A and B (day 
14): 41 % and 51 %, respectively. 
The above Phosphorimages and the mutation spectra derived from them show 
that, in contrast to wild-type cells, repeat length changes by single trinucleotides are 
very common in all three MMR-deficient strains tested here. As a consequence, the 
original repeat length of (CTG) 43 disappears more quickly filling into the 6-bp gaps 
which were observed above and below the (CTG) 43 band in wild-type cells and in the 
starting populations prepared from the E. coli recA strain DL887. Other prominent 
bands such as (CTG) 41 , (CTG)45 , (CTG)47 and (CTG) 50 whose intensity differed 
notably between the two starting populations (see Figure 3-3) disappear rapidly 
leading- to a convergence of the band patterns of the two repeat orientations. As a 
result the band patterns obtained in orientation A and B on day 14 are difficult to 
distinguish from each other. The mutation spectra of orientation A and orientation B 
are also very similar in the three mutator strains. In contrast to wild-type cells and 
other mismatch-repair proficient cells such as recA, recG, sbcCD (see Chapter 4), the 
orientation of the (CTG) 43  repeat in pUC18 has little effect on its recovery when 
propagated in mutS, mutL or inutH mutants. For example, contractions of the 
trinucleotide repeat by a single trinucleotide occur with almost exactly the same 
frequency in both orientations in the three MMR-deficient strains accounting for 
approximately 30 % of all contractions observed for the two orientations on day 14. 
The apparent difference in the number of single unit expansions between the two 
orientations, 30 % in orientation A and 20 % in orientation B is likely caused by the 
difference in the amount of (CTG) 45 present in the two starting populations. Since in 
both orientations, (CTG) 44  is mainly generated by single trinucleotide expansion of 
(CTG)43, but also by single trinucleotide contraction of (CTG)4, there is more 
opportunity of (CTG) 44  being generated in orientation A than in orientation B. Indeed 
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it seems that the observed decrease in the amount of (CTG) 45 (orientation A) 
accounts for the difference between the two orientations in the percentage values of 
(CTG)44 . If true, this suggests that independent of its orientation with respect to the 
origin of replication the (CTG) 43 repeat is subjected to 3-bp slippages duritig 
replication and that in both orientations single unit contractions are approximately 
twice as frequent as single unit expansions. Furthermore, the observation of more 
single unit contractions than expansions also in wild-type E. coli indicates that even 
though the frequency of single unit changes is strongly increased in MMR mutants, 
the relationship between the percentage values of contractions and expansions is not 
strongly affected by the MMR mutations; although in orientation B 3-bp slippages on 
the daughter strand seem to be somewhat better repaired than 3-bp slippages on the 
template strand. A summary of the percentage values obtained by quantification of 
the radioactive bands in Phosphorlmages of the three mutants is provided in Table 3-
4 (for complete data sets see Appendix, Tables 2, 3 and 4). 
Table 3-4. Repeat lengths (%) of orientation A and orientation B recovered from 
mutS, mutL and mud-I mutator mutants on day 14. Data of the wild-type strain are 
identical to those in Table 3-3 and are shown here for comparison only (CI: 95 %) 
Relevant 
genotype 
Orientation A Orientation B 
- IPTG + IPTG IPTG +IPTG 
Original  
JM83 wild-type 47.9 ±3.5 44.1 ±4.4 34.5 ±5.2 32.8 ±2.6 
inutS 25.6 ±1.1 20.8 ±4.1 22.9 ±1.6 21.5 ±1.6 
inutL 21.6 ±1.8 23.3 ±1.2 21.5 ±3.7 20.4 ±2.7 
rnutH 29.3 ±1.8 25.1 ±1.7 1 	23.1 ±0.2 22.9 ±0.7 
Contractions  
wild-type 29.9 ±4.1 31.0 ±4.0 44.2 ±4.5 46.2 ±3.1 
inutS 38.4 ±2.1 45.0 ±4.1 44.6 ±3.8 47.7 ±2.4 
,nutL 43.2 ±3.0 43.5 ±4.2 46.9 ±2.7 48.8 ±2.7 
mutl-I 39.6 ±1.5 42.5 ±2.4 1 	48.7 ±1.0 46.8 ±2.1 
Expansions  
wild-type 22.4 ±3.5 25.0 ±4.8 21.2 ±0.7 21.0 ±3.4 
mutS 36.1 ±2.5 32.2 ±3.4 32.5 ±5.2 30.8 ±1.2 
mutL 35.2 ±1.2 33.2 ±5.4 31.6 ±3.6 30.8 ±0.6 
mufF! 31.1 ±1.9 32.4 ±0.6 28.2 ±1.0 30.2 ±1.7 
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It can be seen from Table 3-4 that both orientations of the CTG repeat are 
destabilised by mutations in any one of the three mismatch repair genes. The 
mutation spectra of pDL915 and pDL915R in these strains showed that length 
changes mainly involve single trinucleotides. Due to the occurrence of single 
trmucleotide insertions an approximately 1.5-fold increase in the amount of 
expanded repeat arrays is observed in both orientations in the mutator mutants 
compared to wild-type. The decrease in the amount of original repeat length in 
orientation A is due to increased frequencies of both expansions and contractions. 
The decrease in orientation B is mainly due to an increase in expanded repeat arrays. 
Due to the appearance of single unit deletions an increase in the percentage 
values of contracted repeats would be expected in both orientations. There is a 
difference between the percentage values for contracted repeats between wild-type E. 
co/i and the three mutator strains for orientation A whereas for orientation B the 
difference is small in all three strains. The latter is unexpected since the mutation 
spectra in Figures 3-8 to 3-10 clearly show that the same amount of single 
trinucleotide deletions occur in MMR mutants in the two opposite repeat 
orientations. This may suggest that while the frequency of single trinucleotide 
contractions has increased the frequency of another type of contraction must have 
decreased in orientation B. This hypothesis was investigated below. 
3.2.4.2 pDL9I5R: Fewer Short Repeats in MMR Mutants than in Wild-type E. 
coli 
A comparison of the mutation spectra of pDL9I5R (orientation B) between 
wild-type E. co/i and the inutS mutant (Figure 3-11) shows that the tendency toward 
deletion in orientation B is more pronounced in wild-type E. co/i than in the inutS 
mutant. While the percentage values of repeat arrays which have lost 4 or fewer 
trinucleotides (- 1 to - 4) are higher in the mutS mutant the percentage values for 
contracted plasmids which have lost more than 4 trinucleotide repeats (- 5 to - 40) are 
lower in the inutS mutant than in wild-type E. co/i with the exception of (CTG)3 6 [-7] 
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Repeat Length Change (Number of Trinucleotides) 
Figure 3-11. Comparison of the mutation spectra of orientation B in the wild-type E. 
coli strain DL324 and in the E. coli mutS mutant DL902 on day 14. The mutation 
spectra which are compared here are identical to those shown for day 14 in Figure 3-
7 and Figure 3-9. 
The comparison of the mutation spectra in Figure 3-11 indicates that the 
amount of short repeats in orientation B may be reduced in the mutS mutant 
compared to the corresponding wild-type strain whereas repeats that have lost only a 
few trinucleotides appear to be more abundant in the mutS mutant. It was therefore 
decided to form two classes of contracted repeat arrays with those that have lost few 
trinucleotides forming class-I contractions and those that have lost many 
trinucleotides forming class-il contractions. Since in the MMR-deficient strains the 
abundance of repeats that have lost 1 to 7 repeats are the same as in the wild-type 
strain or are higher in the MMR-deficient strain, it was decided to include all 
plasmids carrying 36 to 42 trinucleotides in class I, and all plasmids with fewer than 
36 trinucleotides in class H. Table 3-5 shows the subdivided percentage values for 
contracted repeat arrays in both repeat orientations for the wild-type strain and all 
three MMR-deficient strains on day 14. 
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Table 3-5. Subdivision of contracted plasmids into class I and class II as deduced 
from mutation spectra of orientation A (pDL915) and orientation B (pDL9I5R) 
isolated from wild-type cells and mutS, tnutL and tnutH mutants on day 14 and 
corrected for contractions that were already present in the starting population. 
Percentage values from which the starting population has been substracted are shown 
in Table 9 of the Appendix. (CI: 95 %) 
Orientation A Orientation B 
- IPTG I 	+ IPTG - IPTG I 	+ IPTG 
DL324 (wild-trpe) 
Del total (%) 29.9 ±4.1 31.0 ±4.0 44.2 ±4.5 46.2 ±3.1 
Class I 17.6 ±1.7 17.4 ±1.9 17.9 ±2.3 18.1 ±0.4 
Class II 1 	12.3 ±5.5 13.6 ±3.6 26.4 ±6.8 28.2 ±3.2 
DL902 (,nutS)  
Deltotal(%) 38.4 ±2.1 45.0 ±4.1 44.6 ±3.8 47.7 ±2.4 
Class I 28.5 ±2.2 30.0 ±3.8 31.6 ±0.7 30.4 ±1.3 
Class II 9.9 ±0.6 15.0 ±5.9 13.0 ±4.4 17.3 ±2.0 
DL936 (mutL)  
Del total (%) 43.2 ±3.0 43.5 ±2.7 46.9 ±4.2 48.8 ±2.7 
Class 1 27.9 ±1.7 32.3 ±2.6 29.6 ±1.5 30.9 ±1.6 
ClasslI 15.3 ±4.7 11.2 ±3.2 17.3 ±5.7 18.0 ±3.2 
DL1 179 (,nutH)  
Del total (%) 39.6 ±1.5 42.5 ±2.4 48.7 ±1.0 46.8 ±2.1 
Class I 28.4 ±0.9 29.3 ±2.2 29.2 ±1.4 28.4 ±0.7 
Class II 11.2 ±1.9 13.1 ±4.6 19.5 ±2.3 18.4 ±2.2 
It can be seen from the table above and from Table 9 (Appendix) that 
in wild-type E. coil the values for class I repeat arrays are similar in the 
two opposite orientations while the value for class II repeat arrays is 
significantly higher in orientation B than in orientation A. 
in the MMR deficient strains the percentage of class I repeat arrays is 
significantly higher than in wild-type E. coil but, as in wild-type cells, 
values are similar for orientation A and orientation B. 
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in orientation B there is an indication of fewer class II repeat arrays in the 
MMR mutants than in wild-type cells while for orientation A similar 
values are observed. 
induction of transcription by 1 mM IPTG has no major effect on CTG 
instability detected in the mutator mutants. 
These observations may be an indication that class-I1 repeats are reduced in the 
absence of MMR. However, further experiments will be required in order to 
consolidate these indications and establish the extent of the effect of MMR on the 
orientation-dependent decrease in the percentage values for class-Il repeats in all 
three MMR mutants compared to wild-type E. coil. That the decrease in class-I1 
repeat arrays is strongest in the mutS mutant and weakest in the mutll mutant may 
suggest that in the absence of niutll there is residual functional MMR that is initiated 
from daughter-strand nicks (see Introduction of this Chapter). A mechanism by 
which functional MMR may lead to increased instability of (CTG)43 is proposed in 
the discussion at the end of this Chapter (see 3.3.2 Effect of MMR on CTG Repeat 
Stability). 
3.2.4.3 Pattern of CTG Repeat Instability 
The biochemical analysis of plasmid DNA isolated from independent 
transformations of the same E. coii strain with plasmid DNA taken from the same 
starting population revealed different band patterns. Usually competent cells were 
used for only a single transformation in order to increase the confidence of the data 
obtained for a particular strain. An experiment was therefore carried out to see 
whether dominant bands like those marked in the Phosphorlmage shown in Figure 3-
12 could be reproduced when the same competent cells were transformed with DNA 
from the same starting population. For this experiment four batches of competent 
cells, labelled Cl, C2, C3 and C4, were prepared from four single colonies of DL902 
(mutS) transformed with pDL9I5 starting population. One half of this transformation 
mixture was plated on LA agar plates and the other half was plated on LAI agar. As 
usual, all transformants of one plate (3000 to 4000) were resuspended in 5 ml L broth 
and 50 pA of this suspension in 5 ml of fresh LA broth. Transformants harvested from 
LA! agar plates were diluted into LAI broth. Figure 3-12 shows a section of a 
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Phosphorlmage obtained by biochemical analysis of pDL915 plasmid DNA isolated 





Figure 3-12. Phosphorlmage showing the biochemical analysis pDL915 plasmid 
DNA isolated from four independent cultures of DL902 (inutS) on day 7. Cells were 
cultured in the presence of 1 mM IPTG. The numbers on the left and the right of the 
gel indicate the number of CTG trinucleotides in prominent EcoRI fragments of 
cultures 1 and 4. The reproducibility of these bands was tested in Figure 3-13. 
It was then tested whether the bands in cultures Cl A and C4A that are 
marked could be reproduced by transforming the same batch of competent cells with 
pDL9I5 taken from the same starting population. In this second part of the 
experiment, both Cl and C4 competent cells were transformed with either pDL9 15 
or pDL9 1 SR and tested in the absence and presence of IPTG in order to see whether 
different band patterns would develop in cultures established by inoculation with 50 
tl of the same 5-mi cell suspension. The results shown in Figure 3-13 were obtained 
on day 7 when the time course was terminated. 
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Figure 3-13. Phosphorlmage showing that on day 7 the band patterns in two cultures 
of DL902 (mutS) derived from the same 5-mi cell suspension on day 0 are the same. 
Clone I (Cl) and clone 4 (C4) relate to labels in Figure 3-12 indicating that the same 
competent cells were used for transformation. Numbers on the right of the gel 
indicate the number of trinucleotides in selected EcoRl fragments. 
It can be seen that neither the band pattern seen in lane 1 nor in lane 4 of 
Figure 3-12 could be reproduced in a second transformation, either in the presence or 
absence of IPTG. On the other hand populations derived from the same 5-mi cell 
suspension, i.e. Al/A2 and 131/132, produce nearly identical band patterns. Band 
patterns clearly vary when competent cells prepared from different single colonies 
from the same E. coli strain were transformed with the same starting population (e.g., 
lanes 1 and 9, lanes 2 and 10, etc.). Taken together these observations indicate that 
neither transformation of the same strain nor the same competent cells of the same 
strain is sufficient in order to reproduce the band pattern. One possibility is that the 
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band patterns are generated by random changes in the repeat length during the first 
rounds of plasmid replication after transformation. In time courses carried out after 
these observations were made the analysis of a second inoculation from the 
same 5-mi cell suspension was replaced by the analysis of an additional independent 
transformation of competent cells prepared from another single colony. 
3.3 Summary and Discussion 
3.3.1 Contraction and Expansion of CTG Repeats in E. coli 
In this study CTG repeat instability was assessed in E. co/i by determining 
the mutation spectra of a (CTG) 43 repeat in the two opposite orientations with respect 
to the origin of replication in a wild-type strain and in three MMR-deficient strains. It 
was shown that (CTG) 43 expands and contracts in wild-type E. co/i in an orientation-
and replication-dependent manner. In agreement with other studies of CTG repeat 
instability in E. coli (Kang et al. 1995) and S. cerevisiae (Freudenreich et al. 1997) 
destabilisation was found to be greater in orientation B, i.e. when CTG is on the 
lagging strand, than in orientation A, i.e. when CTG is on the leading strand. Most of 
this difference is accounted for by the higher amount of contracted repeat arrays in 
orientation B. Further analysis of contracted repeat arrays suggests that the 
difference in the amount of those repeat arrays which have lost more than seven 
trinucleotides (class II) may account for some of the difference in the amount of 
original repeat length recovered from wild-type E. coli in the two orientations on day 
14 while the percentage values for expansions and small contractions were found to 
be similar in the two orientations. 
Although differences in the amount of expanded repeat arrays between day 0 
and day 14 are small in both orientations, orientation B seemed to be gaining and 
orientation A seemed to be losing some expansions. Assuming that 6-bp changes are 
the most likely changes in the (CTG) 43 repeat population, this indicates that (CTG) 45 
loses repeat units faster than (CTG) 43 acquires them, thereby also increasing the 
amount of (CTG) 43 in orientation A. As a result, it cannot be evaluated exactly how 
much of the orientation-dependence of repeat stability that is seen in wild-type E. 
coli is due to higher stability of (CTG) 43 in orientation A and how much is due to 
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contraction of (CTG)45 by two repeat units. However, the increase in the percentage 
value of (CTG)43 due to contraction of (CTG)45 seems rather small since most of the 
(CTG)45 subpopulation is recovered at the end of the 14-day time course (13 % on 
day 0; 9 % on day 14). Long expanded repeat arrays containing up to 20 to 25 repeat 
units more than the original length of (CTG) 43 were recovered in both orientations 
throughout the time course. That in the present study similar amounts of expanded 
repeat arrays were recovered in the two orientations on day 14 might also indicate 
that 20-25 % represents the upper limit for the amount of expanded repeat arrays that 
can be maintained in wild-type E. coli. On the other hand, differences in the amount 
of expanded repeats (especially in the amount of (CTG) 45 ) in the starting populations 
which were grown overnight from a single transformant reveal a tendency of 
(CTG)43 in orientation A to expand faster (more frequently) than (CTG)43 in 
orientation B. Even though the percentage values only slightly change between day 0 
and day 14 (see Table 3-4), expansions have to occur at a level that allows to 
maintain the level that was present at the beginning of the time course while deletion 
is going on. 
CTG repeat expansions are most likely the product of slippage of the newly 
synthesisèd strands on their template as was originally suggested by Kang et al. 
(1995). Although these authors could not detect expansions of plasmid-borne 
(CTG) 1 30 or (CTG)180 repeats in E. coli using a similar biochemical assay, but one 
that relied on the detection of restricted plasmid DNA in ethidium bromide stained 
agarose gels, they isolated expanded products consisting of 200, 230 and 250 
trinucleotides by extracting DNA from the region of the gel where expanded 
fragments would be expected and re-inserting them into plasmids for analysis. They 
found that both expansion and contraction depend on the orientation of the (CTG) 
repeat with respect to the origin of replication as well as on the copy number of 
plasmids, the host genotype, the number of cell generations, the length of the repeat 
and its location in the plasmid. Evidence was later presented by the same laboratory 
that the bacterial growth phase influences deletions of very long plasmid-borne CTG 
repeats. Cells that have passed through stationary phase harbour plasmids with 
markedly shorter repeat tracts than those which never left exponential phase 
(Bowater et al. 1996). This indicates that upon entry into stationary phase or exit 
171 
Chapter 3 CTG Repeat Instability in Wild-Type and MMR -Deficient E. coli Strains 
from stationary phase contractions may be promoted or plasmids with shorter repeats 
may be selected for. The authors suggested that the induction of a variety of proteins 
associated with both entry and exit of stationary phase may affect the stability of 
such long CTG repeats. However, these observations were made only for (CTG) 175 
repeats with the CTG repeat on the lagging strand, which also conferred reduced 
viability on the host cells in stationary phase. This may have also contributed to the 
high instability of such long CTG repeats previously studied in their laboratory 
(Kang et al. 1995; Jaworski et al. 1995). In contrast to cells harbouring (CTG) 175 , 
the viability of cells harbouring (CTG) 98 and (CTG) 17 was similar and did not differ 
between the two orientations suggesting that also (CTG) 43 might not be subjected to 
these effects. Nevertheless, effects of the bacterial growth phase on (CTG) 43 repeat 
instability have not been studied here and can therefore not be ruled out. It may 
therefore be interesting to analyse (CTG) 43 repeat instability in wild-type E. coli (and 
possibly E. coli mutants) by use of a chemo stat which allows to grow bacterial 
cultures in exponential phase for many generations. 
It was shown in the present study that the induction of transcription into the 
trinucleotide repeat by supplementing the culture medium with 1 mM IPTG does not 
have a major effect on the stability of a (CTG) 43 repeat in pUC18 which contains an 
intact promoter for lacZ'. On the other hand, a destabilising effect of transcription on 
long CTG repeats has been described recently. Bowater et al. (1997) showed that 
transcription increases deletion frequency of long (CTG) 175 repeats if the E. coli 
culture was allowed to pass through stationary phase compared to a culture that was 
maintained in exponential growth phase. This growth-phase dependence, so the 
authors suggested, is due to a transcription-induced growth advantage of cells 
harbouring deletions of (CTG) 175 (see above). In these experiments cells harbouring 
plasmids with (CTG) 175 repeats were co-transformed with a plasmid coding for the 
lacIQ repressor (pI-kan) and were then grown in the absence or presence of IPTG. 
The authors devised this method since the cellular lacIQ repressor may become 
diluted out in the presence of high copy number plasmids. In the present study 
transformants with high copy number plasmids were grown either in the presence or 
absence of 1mM IPTG without any further modification. It is therefore possible that 
transcription was induced to some extent also in the absence of IPTG, diminishing 
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the effect of transcription induction when 1 mM IPTG was added to the culture 
medium. To test this possibility one could co-transform cells harbouring pDL9 15 or 
pDL915R with plasmid pI-kan and compare (CTG) 43 repeat contraction in cells that 
have been cultured in the absence or presence of 1 mM IPTG. In support of their 
observations Bowater et al. (1997) report that no effect of the bacterial growth phase 
on the deletion frequency of (CTG) 175 in either orientation was seen if the repeats 
were located outside an active transcription unit and when grown in the absence of 
IPTG and pI-kan. How transcription causes an increased deletion frequency and 
whether the effect is due to transcription itself or due to another factor which is 
influenced by transcription is still unclear. The deletion pattern suggested to Bowater 
et al. (1997) a step-wise DNA slippage mechanism and the formation of large 
hairpins which sometimes could cause almost complete deletion of the (CTG) 175 
repeat. Interestingly, they also suggest that "interactions between replication and 
transcription" may have contributed to increase in deletion frequency. They refer to 
earlier studies which had shown that the encounter of a replication fork with a 
transcription complex can be problematic (Vilette et al. 1995; French, 1992) and 
propose that the presence of transcription complexes within the CTG repeat may 
interfere with replication leading to a higher error-rate, i.e. increased deletion 
frequency. 
Furthermore, Kang et al. (1995) observed ordered deletion patterns with 
plasmid-borne (CTG) 180 repeats in E. coli and proposed that they are caused by the 
formation of particular secondary structures on the template strand, repeatedly 
leading to deletion of the same number of trinucleotides when DNA polymerase 
bypasses the structure. In fact they found that (CTG) 180 produced primarily deletion 
products containing 140, 100, 60 and 30 CTG trinucleotides indicating that deletions 
preferentially occurred in multiples of (CTG). They found that these preferred 
deletion products were highly reproducible with single transformants, mixtures of 20 
individual isolates and populations of 5000 transformants. They also stated that these 
deletion patterns were similar in both orientations of (CTG) 180 though there were 
fewer deletions if CTG was on the leading strand. In contrast to these observations, 
prominent bands in the deletion patterns seen during the present study were not 
reproducible suggesting that (CT'G) 43 may be less prone to large deletions of 
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predictable size. In fact the origin of the dominant bands seen in this study is 
uncertain. Of those bands that were not present in the starting populations, most may 
have been generated during one of the first rounds of plasmid replication after 
transformation. This is supported by the observation that transformation of the sanie 
competent cells with the same starting population did not reproduce the band pattern 
while cultures derived from the same 5-mi cell suspension on day 0 show similar 
patterns. Even though the number of individual transformants used for the initial 
inoculation usually exceeded 500 to 1000, this number may have been too low in 
order to compensate for the variation that is generated during the establishment of 
plasmid population after transformation with single plasmids. 
Experiments by Schumacher et al. (1998) demonstrated that the replication 
mode (and hence the distance of the repeat from the origin of replication) affects 
CTG repeat stability in ColE 1-derived plasmids. Unlike lagging strand replication 
which is carried out by DNA polymerase III (PouT), the leading strand is replicated 
first by DNA polymerase I (Poll) and then by DNA polymerase III. This switch from 
Poll mode to Poilhi mode happens after approximately 400 nucleotides have been 
replicated (reviewed in Kornberg and Baker, 1992). Hence there is a Poll/Pollhl and 
a PollhIfPollhI mode of replication. When Schumacher et al. (1998) compared the 
stability of (CTG)64 repeats that had been inserted into pUC8-derived plasmids so 
that the repeats would either be replicated in PollJPollhI mode (400 bp from the 
origin) or in PoII1L/Pollhl mode (1600 bp from the origin) they found that the 
frequencies of deletion events were unaffected by the replication mode whereas long 
expansions (>2 units) were observed more frequently if the repeat was nearer to the 
origin of replication. Here, plasmids (pDL915 and pDL915R) were used in which the 
CTG repeat was inserted into the EcoRI site of pUC18, 396 bp away from the origin 
of replication. The CTG repeat may therefore be replicated in the Poll/Pollhl mode 
and it is quite likely that the stability of (CTG) 43 will vary if inserted farther away 
from the origin of replication. 
3.3.2 Effect of MMR on CTG Repeat Stability 
The analysis of (CTG)43 repeat instability in an isogenic set of MIMR-
deficient strains may have provided a clue as to the origin of some contracted 
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plasmids found in orientation B in wild-type cells. First, the data of this study show 
that, compared to wild-type cells, the stability of CTG repeats in MMR-deficient 
cells is affected to a lesser extent by the orientation of the repeat. CTG repeat 
instability in MMR-deficient strains is clearly increased in both orientatioi'is 
compared to wild-type E. co/i and this destabilisation is due to the occurrence of 
single unit insertions and deletions caused by the absence of repair. Yet in the 
absence of MMR the amount of repeat arrays with fewer than 43 trinucleotides did 
not increase in orientation B indicating that the amount of other contracted repeats in 
orientation B may have decreased due to the absence of MMR. Indeed, an indication 
was found that there are fewer plasmids in orientation B with very short repeat arrays 
in MMR mutants compared to wild-type E. co/i. As anticipated the number of 
contractions increased in orientation A due to the increase in single unit deletions 
while the number of plasmids with short repeat arrays was unchanged. 
(CTG)43 repeat instability in E. co/i is highly complex. That effects of 
mutations in the mutS, mutL and mutH genes on CTG repeat stability are similar (in 
the absence and in the presence of IPTG) suggests that MMR rather than a pathway 
that .only requires MutS and MutL (e.g. TCR) or simply binding of MutS to a 
mismatched secondary structure formed from the trinucleotide repeat, influences the 
stability of the CTG repeat. However, effects of the mutS- and mutL-mutations on 
these other pathways have not been ruled out in the present study. 
Respecting MMR, it may be proposed that in addition to removing 3-bp 
slipped structures in both orientations efficiently and thereby increasing repeat 
stability in wild-type E. co/i, functional MMR can also lead to an increase in short 
repeat tracts in orientation B. Since MMR does not affect orientation A in this 
manner it is also proposed that functional MMR contributes to orientation-dependent 
CTG repeat instability in wild-type E. coli. The two opposing effects of MMR on 
CTG repeat instability may develop as follows: Slipped structures that are formed 
within the CTG repeat during replication often consist of single trinucleotides (3 bp) 
which are recognised and successfully removed in cells with a functional MMR 
machinery. Slipped structures that are larger than 4 bp are not removed by MMR, 
thus contributing to CTG repeat instability in all E. co/i strains tested here. During 
repair of a mismatch a single stranded gap is generated where hairpin formation may 
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be facilitated if the repetitive sequence on the template strand has the potential to 
adopt secondary structures. The repeat units contained in the hairpin are lost from the 
population if DNA polymerase III bypasses the structure. 
The results of this study indicate that only orientation B may be susceptible to 
such repair-dependent contraction. The simplest explanation would be that MMR-
dependent deletion is biased towards one of the two template strands and that only 
one of the two repetitive sequences, CAG or CTG, forms secondary structures that 
lead to deletion at single strand gaps. Both conditions have to be fulfilled in order to 
explain orientation-dependent instability in wild-type E. coli. This hypothesis 
accommodates two pathways for orientation-dependent and MMR-dependent repeat 
contraction. In the first, MMR is targeted to the leading strand and structure 
formation by the CAG repeat is favoured over CTG structure formation. In the 
second, MMR is targeted to the lagging strand and CTG structure formation is more 
effective than CAG structure formation. Both possibilities are discussed below and a 
model for deletion formation by MMR is presented in Figure 3-14 (see next page). 
The results of the present study are consistent with slipped structures that are 
formed primarily on .the lagging strand of the replication fork independently of repeat 
orientation. If slipped structures could form at a significant frequency on the leading 
strand, one would expect to have seen MMR-promoted deletions when the CTG 
repeat was the template for leading-strand synthesis, i.e. in orientation A. The 
proposal that 3-bp slipped structures form primarily on one strand but do so 
independently of repeat orientation would also be consistent with the lack of 
orientation-dependence of (CTG) 43 repeat instability in MMR mutants. Trinh and 
Sinden (1991) proposed that the asymmetry of leading and lagging strand replication, 
i.e. continuous versus discontinuous, can bias the occurrence of mutations between 
the strands. It was also suggested (Schiotterer and Tautz, 1992; Tautz and 
Schlotterer, 1994) that increased susceptibility of the lagging strand to mutations 
may be explained by the frequent dissociation and reassociation of DNA polymerase 
to the primer end during lagging strand replication. 
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Figure 3-14. Model for MMR-dependent CTG repeat contraction. The newly 
synthesised strand is indicated by the fact that it is undermethylated (red filled 
circle). MMR on the lagging strand is shown assuming that the CTG sequence forms 
the more stable hairpin, but the same may be occurring on the leading strand (see text 
for discussion). Details of the MIMR pathway have been described in the introduction 
of this Chapter (see Figure 3-1). 
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A bias for the lagging strand has been observed with secondary structure-
dependent mutagenesis (Trinh and Sinden, 1991; Rosche et al. 1995; Pinder et al. 
1998), lesion-dependent mutagenesis (Veaute and Fuchs, 1993) and replication-
dependent mutagenesis (Iwaki et al. 1996). Although a recent paper by Fijalkowska 
et al. (1998) suggests a preference for misincorporations during leading strand 
replication their findings demonstrate "different intrinsic fidelities of leading and 
lagging strand replication". This disparity is unchanged in mutD (proof-reading-
deficient) and mutL (MMR-deficient) E. co/i mutants suggesting that neither of these 
two mechanisms contributes to the bias. Instead, the authors suggest that mismatches 
at the growing tip of Okazaki fragments are more accessible to degradation (and thus 
repair) by exonucleases because the polymerase might dissociate more easily from 
mismatched termini of an Okazaki fragment than from the leading strand. Binding 
these findings together, it is conceivable that one of the two strands may be more 
prone to small DNA slippages than the other making it a preferred target of MMR. 
Even if MMR is more frequently targeted to the lagging strand the question 
remains why MMR-promoted deletions are observed primarily in orientation B, in 
which the CTG repeat serves as the lagging-strand template. The lower frequency of 
MMR-promoted deletions in orientation A may be explained by an incapability of 
the CAG repeat to adopt a stable enough secondary structure. This is consistent with 
in vitro experiments described in Chapter 1 which have predicted a higher stability of 
hairpins formed by the CTG repeat than those formed by the complementary 
sequence. The situation may yet be more complex than this as the recent study by 
Gacy and McMurray (1998) indicates that in vitro CAG and CTG repeats of 25 
trinucleotides form hairpins of similar stability and have a similar ability to inhibit 
CAG/CTG duplex formation. To explain the orientation-dependence observed in 
vivo (Kang et al. 1995; Freudenreich et al. 1997) these authors propose that in vivo 
factors such as binding of SSB may affect CAG and CTG sequences differently. 
Indeed, Rosche et al. (1996) have shown that in the absence of SSB plasmid-borne 
(CTG) 180 repeats are greatly destabilised when the CAG repeat is on the lagging 
strand. Their gel photographs suggest that presence of SSB normally prevents almost 
all deletinns in this orientation. Unfortunately, results for the other orientation were 
not presented. It is however known from earlier publications from that laboratory that 
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the orientation of this repeat in which CTG serves as the lagging strand is extremely 
unstable, even in the presence of SSB (Kang et al. 1995, Jaworski et al. 1995). One 
might therefore speculate that CTG and CAG hairpins are differently affected by 
SSB inasmuch as SSB can prevent secondary structure formation from CAG more 
effectively than from CTG. The importance of SSB also in MMR (see Figures 3-1 
and 3-14) may hence help to explain the orientation-dependence of MMR-promoted 
deletion formation. For example, CTG repeats may form hairpins faster than CAG 
repeats before SSB binds to the template strand after exonucleolytic degradation of 
the daughter strand. Thus, bypass of secondary structures formed by the CTG repeat, 
but not the CAG repeat, on the lagging strand template during the DNA synthesis 
step of MMR may cause enhanced CTG repeat contraction in wild-type E. coli. As 
MMR, other DNA metabolic pathways that involve the formation of single-stranded 
DNA may provide additional opportunities for CTG repeat contraction, and possibly 
expansion. 
The model proposed here is similar to that of Jaworski et al. (1995) who first 
described a destabilising influence of functional MMR on (CTG) 130180 repeats, but 
has two significant differences. Firstly, it is the CTG-containing lagging strand 
template that is the source of MMR-promoted contraction whereas Jaworski et al. 
(1995) suggested it was the CTG-containing leading strand. Secondly, it has been 
demonstrated here that the likely source of recruitment of the MMR complex are 
single trinucleotide mispairs that have been shown in this study to be effectively 
corrected by MMR. Despite the observation of no orientation-dependent MMR-
independent contraction, such a pathway may exist for longer repeat arrays such as 
those studied by Jaworski et al. (1995). Longer trinucleotide repeats are likely to 
have a higher potential to form stable secondary structures during discontinuous 
replication of the lagging strand without the assistance of MMR and might, above a 
certain length, form slipped structures also during leading strand replication. If this is 
so, one would predict that with increasing repeat length the MMR-dependence of 
repeat contraction should lessen. The model would then accommodate the 
observations by Jaworski et al. (1995) who reported a stabilising effect of MMR-
deficiency on long (CTG) 180 repeats in the opposite orientation, namely when the 
CTG repeat is on the leading strand. It is possible that in their experiments the 
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MMR-dependent pathway is swamped by an MMR-independent pathway when CTG 
repeats form the template for lagging strand synthesis, but becomes significant when 
they form the template for leading strand synthesis. 
Recently, the same laboratory showed that all trinucleotide repeats associated 
with TREDs (CTG, CGG and GAA) undergo small expansions and deletions in E. 
coli (Wells et al. 1998). They also detected large deletions within (CTG)175 repeats 
in wild-type cells and proposed that they were promoted by the presence of two 
single base interruptions in the trinucleotide repeat arrays. Since large deletions of 
the region that contained the single base interruptions were less frequently observed 
in any of three MMR-deficient strains, the suggestion is that during slippage 
mismatches were formed by these single base interruptions, and that these triggered 
the MMR response. No changes in the length of (CTG) 57 and (CTG)42 repeats, the 
former with single base interruptions at repeats 28 and 43 and the latter with a single 
base interruption at repeat 28, were observed during their investigation. However, 
this investigation was carried out only with plasmids that carry the CTG repeats on 
the leading strand during replication. Applying the conclusions of this present study 
to their observations with (CTG)5 7 and (CTG)42, a possible explanation is that these 
shorter repeats preferentially slip during lagging strand replication and only in the 
presence of a CTG repeat on the lagging strand template undergo deletions. Thus, 
these short plasmids of Well et al. (1998) could provide a potent test of the model for 
MMR-dependent deletion formation proposed here. 
To explain the observation of small slipped register instability of interrupted 
trinucleotide repeats, Wells et al. (1998) suggest that removal of small loops (2 units) 
leads to small deletions and a nick introduced opposite to small ioops leads to 
expansion after the ioops have stretched out and the gaps have been filled-in by DNA 
repair synthesis and ligation. A model for trinucleotide repeat expansion based on 
such a nicking activity had previously also been proposed by Petruska et al. (1998) 
(see Chapter 1). If true, a mechanism like this might also explain small expansions 
and contractions observed with (CTG) 43. So far, however, a factor that introduces the 
nicks into slipped repetitive sequences has not been identified. Endonuclease V from 
E. coli (Gates and Linn, 1977) may be a candidate worth testing. Biochemical 
analysis revealed that endonuclease V recognises and cleaves in a strand-specific 
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manner DNA that contains deoxyinosine, an abasic site, urea residue and 
mismatched base pairs (Yao et al. 1994). Yao and Kow (1996) recently 
demonstrated that endonuclease V cleaves IDLs and other secondary structures 
including flap DNA structures and Y DNA structures as well. In the presence of a - 
nick the endonuclease V activity increased several-fold suggesting to the authors that 
the enzyme might preferentially target the lagging strand where such 5' nicks appear 
due to discontinuous replication. The activity of this enzyme on lagging strand flaps 
is similar to that of DNA polymerase I, which is required for lagging strand 
replication and cleaves the 5'-flap one nucleotide inside the duplex DNA. The 
authors pointed out that the role of endonuclease V in Okazaki fragment maturation 
is functionally homologous to those of eukaryotic flap-endonucleases RTH1 (or 
RAD27) of S. cerevisiae and FEN- 1 in mouse and man (see Introduction of this 
chapter). Interestingly, RAD27 mutants of yeast are mutator strains which 
accumulate small duplications (Tishkoff et al. 1997) as well as expansions and 
contractions of repetitive DNA (Freudenreich et al. 1998). How the lack of RAD27 
may lead to trinucleotide repeat expansion in eukaryotes will be included in the 
concluding remarks to this thesis in Chapter 7. 
In summary, this study suggests that during in vivo replication of a (CTG) 43 
repeat small slippages involving at least 3 bp, 6 bp and 9 bp happen frequently. It has 
also been shown that of these only 3-bp slipped structures are readily removed by 
MMR and that the reliability of this repair may be jeopardised if the DNA sequence 
on the template strand can adopt stable secondary structures. This leads to repeat 
contraction and contributes to orientation-dependent repeat instability in wild-type E. 
co/i. The nature of this orientation-dependence suggests that the small slipped 
structures are primarily formed on the lagging strand of the replication fork. MMR 
may be one of several molecular mechanisms that involve the formation of single-
stranded DNA and by doing so affect the stability of trinucleotide repeats. 
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CTG Repeat Instability in E. coli Strains 
Deficient in Homologous Recombination or 
DNA Structure Repair 
4.1 Introduction 
This study was carried out to test the possibility that during plasmid 
replication CTG repeats form secondary structures that are recognised and cleaved 
by the SbcCD nuclease complex of E. coli leaving a DSB which requires repair by 
RecA-mediated homologous recombination. 
The same plasmid-based assay as in the previous chapter was used to 
investigate the effects of the recA and sbcCD genes on (CTG)43 repeat instability in 
E. coli. The instability of the two previously used starting populations, one with the 
(CTG)43 sequence on the leading strand (pDL915, orientation A) and the other with 
the (CTG)43 sequence on the lagging strand (pDL915R, orientation B), was assessed 
in sbcCD-deficient (DL733) and recA-deficient (DL887) strains of E. coli. This was 
then compared to previously assessed CTG repeat instability in wild-type E. coli (see 
Chapter 3). The investigation into effects of sbcCD on (CTG)43 repeat instability was 
extended to MMR-deficient strains (sbcCD mutS, sbcCD mutL) to test the possibility 
that binding of mismatch repair proteins to the mismatched hairpin structure inhibits 
recognition and/or cleavage of the secondary structure by the SbcCD nuclease 
complex. Finally, a study was initiated of the role of recG in (CTG)43 repeat stability. 
Although data obtained from the latter study are preliminary, they will be analysed 
and discussed here so that conclusions can be drawn for the systematic investigation 
of the effect of recG that is underway in the laboratory. As before, transformed cells 
were cultured in the presence of ampicillin (100 ig mr') for 14 days in the absence 
or presence of IPTG to induce transcription. Plasmid DNA for biochemical analysis 
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was prepared directly from transformants on LA or LAI agar plates and then after 1, 
7 and 14 days of cultivation in LA or LA! broth. As before, a 35 S-dATP-labelled 
EcoRI restriction fragments were separated on native 5 % Long Ranger gels, 
visualised on a Phosphorlmager and submitted to ImageQuantTM for quantification Of 
the signal intensity. 
4.1.1 The RecABCD Proteins of E. coli Function in 
Homologous Recombination 
Homologous recombination in E. coli depends on RecA and RecBC. The 
RecA protein also has a role in the SOS response pathway and a number of other 
DNA repair pathways including daughter-strand gap repair, DSB repair and 
translesion DNA synthesis (Friedberg et al. 1995c). RecA and single-stranded DNA 
form a nucleoprotein filament (Dunn et al. 1982) that extends 5' —i 3' (Register and 
Griffith, 1985). Muniyappa et al. (1984) showed that by removing secondary DNA 
structure within single-stranded DNA, SSB can facilitate RecA binding (see also 
Kowalczykowski and Krupp, 1987). Once a nulceoprotein filament has formed it 
invades duplex DNA in the search for sequence homology, eventually progressing 
into the duplex:duplex region. Unidirectional strand exchange sets up a Holliday 
junction which, driven by RuvAB and RecG, branch migrates to a point where it is 
resolved. Holliday junction resolution is carried out by the RuvC protein which is 
targeted to the Holliday junction by RuvA. Depending on which strands get cut by 
RuvC cross-over or non-crossover products are generated. 
Besides recA, repair of DSBs in E. coli depends on recB and recC (Wang and 
Smith, 1989; reviewed in Friedberg et al. 1995b) Together with recD they code for 
exonuclease V (RecBCD), whose function it is to provide a 3'-end for RecA-
mediated D-loop formation. RecBCD enters the DNA at the double strand end, 
unwinds it and degrades the DNA until it encounters a sequence called chi () (5'-
GCTGGTGG-3') (Dixon and Kowalczykowski, 1993; Anderson and 
Kowalczykowski, 1997). Here RecBCD cuts the DNA strand with the properly 
oriented x sequence a few bases to the 3' side of X  (Ponticelli et al. 1985). At this 
point the 3' - 5' exonuclease activity of RecBCD is terminated and RecBCD is 
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turned into a recombinase either by transformation of RecBCD into a helicase by 
'ejection' of RecD (Thaler et al. 1989) or by changing the polarity of the nuclease to 
5' - 3' (Anderson et al. 1997; Anderson and Kowalczykowski, 1997). The RecB C-
terminal domain swing model which has recently been put forward by Yu et 1l. 
(1998) proposes that upon arrival of RecBCD at x the C-terminal cleavage domain of 
RecB swings out of the i-containing DNA strand thereby causing transformation of 
RecBCD into a helicase or reversal of its nuclease polarity. In this model RecB is 
both nuclease and helicase, and RecC and RecD are accessory proteins. RecC may 
serve as a sliding clamp for processive DNA unwinding and RecD seems to promote 
the nuclease mode of RecBCD by affecting the 'swing-in/swing-out' equilibrium of 
RecB's C-terminal domain. Recent in vitro evidence suggests that upon interaction 
with x' RecA is loaded by X-modified RecBCD enzyme (RecBCD helicase) onto the 
3'-end of the i-containing strand initiating formation of the nucleoprotein filament 
(Churchill et al. 1999). 
4.1.2 Preferential Binding of RecA to (TG)n and (CA)11 
Repetitive Sequences 
RecA binds preferentially to GT-rich sequences in vitro including x (Tracy 
and Kowalczykowski, 1996). Subsequently, Dutreix (1997) showed that RecA 
protein preferentially binds to (GT) and (CA) n  repetitive DNA compared to non-
repetitive DNA, but that strand exchange was inhibited by these sequences. The 
author also found that inhibition of strand exchange increased with the length of the 
repetitive sequence, and that addition of SSB to the reaction had no effect. The latter 
seems to indicate that the inhibition of strand exchange is not due to secondary 
structures formed by the repetitive sequences. As an explanation for inhibition of 
strand exchange the author referred to a model proposed by Rosselli and Stasiak 
(1990, 1991) according to which the high affinity of RecA to its substrate would 
impede the strand exchange reaction. 
Furthermore, the author suggested that an inability of the GT sequence to 
form triple-stranded recombination intermediates (Rao et al. 1991) could also inhibit 
the strand exchange reaction. Dutreix (1997) proposed that a consequence of 
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inhibition of strand exchange by such repetitive sequences in viva could be an 
increased frequency of crossing-over at sites adjacent to the repetitive sequence if the 
DNA junctions can be resolved. Indeed, tetrads containing recombined products with 
cross-over points adjacent to evolutionary conserved GT sequences have been found 
to be generated by diploid yeast cells undergoing meiosis (Treco and Arnheim, 
1986). If, on the other hand, the DNA junctions cannot be properly processed, then 
such repetitive sequences could become hot-spots for illegitimate recombination. 
4.1.3 RecG is a Branch-Specific Helicase 
In its capacity as a branch-specific DNA helicase, RecG functions in branch 
migration and possibly in the resolution of Holliday junctions. Unlike RuvA and 
RuvB which have to act together in order to catalyse branch migration, RecG alone is 
sufficient. Whitby et al. (1993) demonstrated that RecG can lead to resolution of 
Holliday junctions without cleavage by forcing branch migration in the reverse 
direction of RecA-driven strand exchange. Since homologous recombination and 
recombinational repair are only mildly affected in recG and ruv single mutants, but 
severely impaired in recG ruv double mutants, Lloyd (1991) proposed that functions 
of RecG and Ruv might be overlapping in these pathways. 
In contrast to ruvAB, ruvC is not under SOS-control (Sharples and Lloyd, 
1991) and Whitby et al. (1993) have suggested that resolution of Holliday junctions 
by RecG-mediated reverse branch migration could hence be useful, for instance, 
during gap repair of UV-induced lesions (Rupp et al. 1971) when the ruvC gene is 
poorly expressed. They also suggested that RecG could be involved in reverse strand 
exchange during a strand-switch mechanism that was proposed by Echols and 
colleagues (Lu and Echols, 1987; Echols and Goodman, 1991). 
Moreover, RecG has been shown to target and unwind D-loops and R-loops. 
D-loops are early recombination intermediates formed by RecA, and RecG might 
function to drive branch migration of such a three stranded DNA intermediate into 
duplex:duplex regions setting up a Holliday junction (Whitby and Lloyd, 1995). 
Unlike RecG, RuvA and RuvB have been shown to have little effect on three 
stranded junctions. R-loops are RNA-DNA hybrids that are formed by an RNA 
185 
Chapter 4 CTG Repeat Instability, Homologous Recombination and Structure Repair 
transcript invading a duplexed template strand. RecA has been proposed to catalyse 
invasion and strand annealing (Cao and Kogoma, 1993). R-loops are formed at the 
CoLE 1 origin of plasmid replication from where, after cleavage by ribonuclease H 
(RNaseHI), replication is initiated (Itoh and Tomizawa, 1980). In addition to the 
major pathway of R-loop removal by cleavage with RNaseHI, Hong et al. (1995) 
have presented evidence that by countering RecA-mediated strand annealing RecG 
helicase may significantly contribute to the removal of R-loops. As a consequence, 
overproduction of RecG has been shown to dramatically lower the copy number of 
C01E1-plasmids (Fukuoh et al. 1997). It is important with respect to results of this 
project to note that this study also showed that the copy number of pUC19 was not 
affected in a strain with a recG deletion mutation. 
Lloyd and colleagues (Al-Deib et al. 	1996) showed that reduced 
recombination and DNA repair efficiency in a recG deletion strain can be suppressed 
by mutations in the helicase domain of the priA gene. In E. coli priA codes for the 
primosome assembly protein (PriA) which, like RecG, has 3' —* 5' helicase activity, 
and the authors suggested that PriA and RecG may compete for binding the same 
substrates. 
McGlynn et al. (1997). later demonstrated that both, RecG and PriA, prefer 
branched structures for substrates. They showed that bOth proteins bind and unwind 
D-loops in vitro while only RecG can dissociate Holliday junctions. In vivo, they 
suggest, PriA may somehow prevent stable D-loop formation and that this effect is 
normally countered by RecG either by driying branch migration of the three-stranded 
junction into the duplex:duplex region or by inhibiting a PriA activity that prevents 
branch migration by ReçA or RuvAB. Figure 4-1 shows substrates that are 
dissociated and substrates that are not dissociated by RecG in vitro. 
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Figure 4-1. DNA structures that can (A-H) and cannot (1-0) be dissociated by RecG 
(reproduced from McGlynn et al. 1997). Dissociation of the red strand was 
measured. Effectiveness of unwinding decreases from top to bottom, with the D-loop 
structure being dissociated most effectively and the three-way duplex structure being 
dissociated least effectively. 
4.1.4 DNA Secondary Structure Repair by the SbcCD 
Nuclease Complex Depends on Homologous Recombination 
4.1.4.1 SbcCD-Mediated Secondary Structure Repair by 
Homologous Recombination 
Long palindromic DNA sequences are either lethal to their host or are 
unstable. It is assumed that this is because palindromes can form hairpins (if single 
stranded) or cruciforms (if double stranded) which interfere with DNA replication. 
The inviability of long palindromes in E. coli can be suppressed by mutations in 
sbcC or sbcD, whereas instability of the palindrome appears to be persistent (Chalker 
et al. 1988; Gibson et al. 1992). The sbcC and sbcD genes of E. coli code for a 
nuclease complex called SbcCD. SbcCD has been shown in vitro to cleave hairpin 
ioops such as would be formed by palindromic sequences during DNA replication. 
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Recently Leach and colleagues have proposed (Leach, 1994; Connelly and Leach, 
1996) and then demonstrated (Leach et al. 1997) that cleavage by SbcCD of a 
hairpin formed by a palindromic sequence generates a DSB that requires repair by 
homologous recombination. The model that has been proposed for secondary 
structure repair by homologous recombination is shown below (Figure 4-2). 
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Figure 4-2. Model for secondary structure repair by homologous recombination. The 
model is redrawn from Leach et al. (1997). 
The authors concluded that secondary structures can cause replication fork 
breakdown and proposed that this SbcCD pathway exists to rescue such replication 
forks. They further proposed an antimutator role for SbcCD in that this pathway may 
exist also to prevent instability of DNA sequences that form secondary structures 
occasionally, but do not lead to significant inhibition of DNA replication. 
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4.1.4.2 The SbcCD Nuclease Complex Cleaves DNA Hairpins in vitro 
Connelly and colleagues have purified and biochemically characterized the 
SbcCD protein of E. coli (Coimelly et al. 1998; Connelly and Leach, 1996; Connelly 
et al. 1997). The authors showed that SbcC and SbcD form a 1.2-MD complex of 
head-rod-tail organisation characteristic of the SMC (structural maintenance of 
chromosomes) family of proteins. SbcCD has ATP-dependent double-strand 
exonuclease activity as well as ATP-independent single-strand endonuclease activity, 
and SbcCD has been shown in vitro to cleave hairpin DNA at the 5'-side of the loop. 
This is consistent with the proposal that in vivo SbcCD generates DSBs by cleaving 
hairpins that are formed on the lagging strand when the two strands become 
separated during replication (see below). Sequence and structural alignments have 
revealed similarities of SbcD to a number of proteins involved in recombination and 
DNA repair, such as gp47 of phage T4, gpD12 of phage T5, MRE1 1 of S. cerevisiae 
and Rad32 of Schizosaccharomyces pombe. After MRE1 1 had been found to interact 
with RAD50 in vivo (Johzuka and Ogawa, 1995), Sharples and Leach (1995) showed 
by computer searches that SbCC and RAD50 share motifs characteristic of the SMC 
family of proteins. It has been proposed that the SMC protein SbcC targets the non-
SMC protein SbcD to the secondary structure where they act together in maintaining 
genome integrity. 
4.2 Results 
4.2.1 CTG Repeat Instability in a recA Mutant of DL324 
(DL887) 
It can be seen from Figure 4-3 that for both orientations consistently less 
original repeat length, i.e. (CTG) 43, was recovered at the end of the time course from 
the recA-deficient strain than from wild-type E. coli. The percentage values 
presented in Figure 4-3 are the averages of three to four independent time courses. 
However, due to the smallness of the difference between recA mutant and wild-type 
E. coli, a greater number of time courses will be required in order to reduce 
confidence intervals, and maybe establish statistical significance of the differences. 
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Figure 4-3 also shows that cultivation of transformants in the presence of 1 mM 
IPTG did not significantly effect the stability of the (CTG) 43 repeat. In contrast to 
wild-type E. coli and MMR mutants, plasmid DNA in DL887 remained primarily 
monomeric throughout the time course due to the recA mutation. This may have 
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Figure 4-3. Orientation-dependent destabilisation of (CTG) 43 in DL887 (recA) 
compared to the appropriate wild-type strain in the absence or presence of 1 mM 
IPTG to induce transcription. The percentage values of plasmids carrying the original 
repeat length of (CTG) 43 are shown for day 14. Column height represents the average 
percentage value of (CTG) 43 assessed in three to four independent time courses(CI: 
95 %). 
Destabilisation of both starting populations over the 14-day time course is 
also evident from a comparison of the Phosphorlmages in Figure 4-4 which show 
typical repeat length analyses on day 1 and on day 14. Dominant bands that were 
present on day I clearly disappear regardless of the presence or absence of IPTG. 
Destabilisation is mainly due to deletions, but expansions also occur. Evidence of the 
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DL887. It can be seen that the amount of expanded repeat arrays remains almost 
constant during the two-week propagation even though deletion is going on. This 
indicates that the rate of repeat expansion in the recA mutant is sufficient to maintain 
the amount of expanded repeats that were present at the beginning of the time course 
(20 % to 25 %). 
Dayl 	 Day 14 
- IPTG 	I + IPTG 	 - IPTG 	I 	+ IPTG 
Al A2 B1 B2 Al A2 Bi B2 	Al A2 BI B2 Al A2 BI B2 
I 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 11 	12 13 	14 	15 	16 I 
Figure 4-4. Sections of Phosphorlmages showing the biochemical analysis of 
pDL915 (orientation A) and pDL915R (orientation B) isolated from E. coli strain 
DL887 (recA) on day I (lanes 1 - 8) and on day 14 (lanes 9 - 16). After 
transformation populations were split into two (e.g. Al and A2). Transformants were 
then cultured in the absence (-) and presence (+) of IPTG in LA broth. Plasmid DNA 
was digested with EcoRI, labelled with a35S-dATP and separated on native 5 % 
Long Ranger gels for 1.5 hours. Numbers on the right of the gel indicate the number 
of trinucleotides in selected EcoRT fragments. 
191 
Chapter 4 CTG Repeat Instability, Homologous Reconibination and Structure Repair 
Table 4-1. Orientation-dependent destabilisation of a (CTG) 43 repeat population in 
the recA-deficient strain DL887 during a 14-day time course in the absence or 
presence of IPTG to induce transcription. 
Orientation A Orientation B 
- IPTG 	I + IPTG - IPTG +LPTG 
Original  
Day 1 60.1 ±2.6 58.9 ±2.7 58.3 ±1.6 60.6 ±1.70 
Day 7 49.7 ±1.3 51.6 ±5.5 42.3 ±3.8 41.0 ±7.7 
Day 14 42.2 ±1.9 40.6 ±2.3 29.6 ±1.7 27.4 ±3.0 
Contractions  
Day 1 15.5 ±1.2 17.8 ±3.9 22.7 ±0.9 21.1 ±1.8 
Day7 23.9 ±3.4 22.4 ±1.3 36.8 ±1.0 36.6 ±4.5 
Day 14 32.9 ±0.9 35.3 ±2.0 47.5 ±2.6 50.6 ±2.8 
Expansions  
Day 1 24.4 ±1.4 23.3 ±1.6 19.0 ±2.5 18.3 ±0.1 
Day 7 26.4 ±2.0 25.9 ±4.1 20.9 ±2.8 22.4 ±3.2 
Day 14 24.9 ±1.0 25.5 ±0.7 22.6 ±1.7 22.0 ±1.7 
4.2.1.1 Mutation Spectra of pDL915 and pDL915R 
The mutation spectra of orientation A (pDL9I5) and orientation B 
(pDL9I5R) on day 14 were determined by measuring the intensity of each 
radioactive band on Phosphorlmages obtained from three to four independent time 
courses. They are shown in Figure 4-5. The upper chart (a) compares the average 
percentage values for each detectable repeat length in the two opposite orientations 
while the lower chart (b) is based on the same percentage values, but shows them 
after they were corrected for the percentage values that were already present in the 
starting population with which DL887 was transformed. It can be seen that repeat 
arrays in orientation B (green columns) tend to be more unstable and shorter than 
repeat arrays in orientation A (red columns). The expandability of the CTG repeat 
population is similarly small in both orientations. Besides a significant decrease in 
the percentage value of the main repeat length of (CTG) 43 , the only other decreases 
are seen for (CTG)4 and (CTG)o in orientation A. 
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Figure 4-5. Mutation spectra of pDL915 (orientation A, red) and pDL915R 
(orientation B, green) in DL887 (recA) on day 14. In chart a) the column height 
represents the percentage values for each CTG repeat length as identified by 
biochemical analysis of plasmid DNA isolated from recA-deficient cells on day 14. 
The number of CTG trinucleotides shown on the X-axis was identified by separation 
of a35S-dATP labelled EcoRI fragments in native 5% Long Ranger gels. In chart b) 
the column height was corrected for the starting population, now showing the 
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average decrease or increase in the percentage values compared to the starting 
population. The decrease compared to the starting population in the percentage 
values of (CTG)43 which can not be shown here was identified as being 28 % for 
pDL915 (orientation A, red) and 45 % for pDL915R (orientation B, green). The 
height of each column is the average of three to four independent experiments. 
4.2.1.2 Comparison of Mutation Spectra between DL887 and DL324 
The mutation spectra of orientation A and orientation B isolated from wild-
type E. coli and the recA mutant on day 14 are compared in Figure 4-6 revealing no 
major differences between the two strains. This suggests that RecA-mediated 
pathways do not strongly influence CTG repeat (in)stability in wild-type E. coli. 
231, 
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b) 
Repeat Length Change (Number of Trinucleotides) 
Figure 4-6. Comparison of the mutation spectra of (a) pDL915 (orientation A) and 
(b) pDL915R (orientation B) in DL324 (wild-type) and DL887 (recA) on day 14. 
4.2.1.3 Class-Il Repeat Arrays in recA-Deficient Cells are Produced 
at Wild-type Levels 
Table 4-1 showed that the percentage values for contractions vary strongly 
between orientation A and B whereas expanded plasmids are found at similar 
frequencies in the two orientations. A subdivision of the contractions found in 
orientations A and B, clarifies that this orientation-dependence is mainly due to the 
higher percentage of class-H contractions in orientation B (-- 28 %) compared to 
orientation A (— 13 %). The percentage values for class-I contractions are similar in 
the two orientations (— 20 %). These fmdings match previous fmdings in wild-type 
E. coli (see Chapter 3) adding weight to the conclusion of Chapter 3 that class-Il 
contractions in orientation B may be MtvIR-dependent. This is shown in Table 4-2. 
Data in part a) show true percentage values for the two classes in the isolated 
plasmid populations whereas part b) shows these data after they were corrected for 
contractions that were already present in the starting population. The latter was done 
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Table 4-2. Subdivision of contracted repeat arrays into class-I and class-Il repeat 
arrays as deduced from the mutation spectra of pDL915 (orientation A) and 
pDL915R (orientation B) isolated from the recA -deficient strain DL887 on days 1, 7 
and 14. Part a) shows percentage values as determined in the isolated populatkrn 
with Cl 95 % while part b) shows the percentage values after the starting population 
was substracted. 
Table 4-2a 
Orientation A Orientation B 
- IPTG I 	+ IPTG - IPTG I 	+ IPTG 
Day 1  
Class! 10.4 ±0.8 11.1 ±1.6 12.8 ±0.5 11.7 ±0.2 
Class II 5.1 ±1.2 6.7 ±2.5 9.9 ±1.4 9.5 ±1.6 
Day 7 _________ 
Class I 14.2 ±1.5 15.6 ±1.9 17.5 ±0.9 16.9 ±0.8 
ClasslI 9.7 ±1.9 
- 
6.8 ±3.2 19.3 +0.1 19.7 ±5.3 
Day 14 _____________ 
Class I 20.6 ±1.0 20.5 ±0.5 20.0 ±0.8 20.9 ±1.5 
Class II 12.4 ±1.0 14.9 ±1.9 27.5 ±1.8 1 	29.7 ±2.2 
Table 4-2b 
Orientation A Orientation B 
- IPTG I 	+ !PTG - LPTG I 	+ !PTG 
Day  
Class I 4.8 5.5 4.6 3.5 
Class!! 2.9 4.5 4.6 4.2 
DaTy 7 
Class! 8.7 10.0 9.3 8.7 
Class!! 7.5 4.6 14.0 14.4 
Day14 ____________ 
Class! 15.0 14.9 11.8 12.7 
Class!! 10.1 12.7 22.2 1 	24.4 
4.2.1.4 Lack of Transcriptional Effect on CTG Repeat Instability in 
In order to further investigate the effect of transcription on CTG repeat 
instability in a recA-deficient strain, transformants were cultured in the absence or 
presence of 1 mM IPTG for 14 days. The mutation spectra on day 14 of the two 
repeat orientations obtained under the two culture conditions (+1- IPTG) are shown in 
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percentage values compared to the starting population). The decrease compared to 
the starting population in the percentage values of (CTG) 4 3 which cannot be shown in 
the graphs are as follows: 28 % (- IPTG) and 23 % (+ IPTG) for orientation A (red) 
and 45 % (- IPTG) and 40 % (+ 1PTG) for orientation B (green). The mutation 
spectra suggest that neither in orientation A nor in orientation B does cultivation of 
transformants in the presence of 1 mM IPTG affect the pattern of instability. 
Figure 4-7. Effect of cultivation in the presence (+) and absence (-) of IPTG to 
induce transcription on (CTG) 43 repeat instability in the recA-deficient E. coli strain 
DL887. 
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4.2.2 CTG Repeat Instability in an sbcCD Mutant of DL324 
(DL733) 
4.2.2.1 Biochemical Analysis of CTG Repeat Instability 
Day I Day 14 The effect of an sbcCD deletion 
Al 	A2 Bi 	B2 Al 	A2 	Bi 	B2 mutation 	on 	CTG 	repeat 
stability 	was 	investigated 	in 
DL733. Biochemical analysis of 
4- 60 purified 	plasmid 	DNA 	was 
carried out as described before. 
4......j The Phosphorlmage on the left 
071 (Figure 	4-8) 	shows 	typical 
biochemical analyses of plas mid 
- - : 
- 30 DNA isolated from DL733 on 
days 	1 	and 	14 	of the 	time 
course. Samples Al and A2 (BI 
20 
and B2) were derived from the 
same 	population 	of 
4- 10 transformants 	on 	day 	0 
explaining the identical banding 
patterns in lanes 1 and 2 (3 and 
1 	2 	3 	4 5 	6 	7 	8 4). These banding patterns are 
Figure 	4-8. 	Phosphorlmages 	showing well-maintained 	in 	DL733 
representative examples of biochemical throughout 	the 	14-day 	time 
analyses of pDL915 	(orientation A; Al course (compare, for example, 
and A2) and of pDL915R (orientation B; lanes 	1 	and 	5; 	3 	and 	7) 
B 1 	and 	B2) 	isolated 	from 	DL733 indicating 	relative 	stability 	of 
(AsbcCD) on day 1 (lanes 1 to 4) and on both repeat orientations in this 
day 14 (lanes 5 to 8). host. On the other hand, there is 
an obvious decrease 	between 
day 	1 	and 	day 	14 
(approximately 100 generations) in the intensity of the main band [(CTG)43] in both 
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repeat orientations (see also Table 4-3). Prominent expansion bands that were 
detected on day 1, e.g. (CTG) 47 , (CTG)o in orientation A and (CTG) 49 in orientation 
B, have disappeared indicating higher instability of these larger repeat arrays. That 
(CTG) 41 and (CTG) 38 appear quite well-preserved while (CTG) 4 , (CTG) 45 and 
(CTG)4 disappear may even suggest an instability barrier around (CTG)43 in this 
plasmid-hased E. co/i system. If true, then this is not completely unexpected since 
(CTG)41 was originally isolated in i'i't'O as an expansion product of (CTG) 25 The 
orientation-dependent destabilisation of the CTG repeat in DL733 over the 14-day 
time course is summarised in Table 4-3 (see also Appendix, Table 6). 
Table 4-3. Destabilisation of pDL9I5 (orientation A) and pDL915R (orientation B) 
starting populations in the sbcGD-deficient strain DL733 during a 14-day time course 
in the absence or presence of IPTG to induce transcription (CI: 95 %). Instability was 
assessed as described in Chapter 2. 
Orientation A Orientation B 
- IPTG I 	+ IPTG - IPTG I 	+ IPTG  
Original  
DayO 59.7 ±3.4 60.6 ±0.8 61.2 ±1.4 59.8 ±0.4 
Day 1 58.7 ±0.7 60.0 ±1.4 58.5 ±1.1 58.7 ±1.2 
Day 7 54.2 ±0.3 53.3 ±6.1 49.6 ±1.9 48.7 ±2.5 
Day 14 45.3 ±2.5 44.6 ±4.9 1 	32.7 ±1.0 34.9 ±3.8 
Contraction  
DayO 14.3 ±3.3 12.7 ±1.6 21.1 ±2.8 20.9 ±2.6 
Day 1 15.8 ±0.9 15.3 ±2.0 23.3 ±1.4 22.4 ±3.4 
Day 7 21.7 ±0.7 23.4 ±6.8 31.1 ±0.5 31.4 ±2.7 
Day 14 30.3 ±2.9 31.8 ±0.1 45.0 ±2.2 43.8 ±2.3 
Expansion  
DayO 26.0 ±0.1 26.8 ±0.8 17.8 ±1.4 19.3 ±2.2 
Day 1 25.5 ±1.5 24.7 ±1.1 18.1 ±1.1 18.9 ±2.2 
Day 7 24.1 ±0.4 23.3 ±0.7 19.3 ±1.4 19.9 ±0.1 
Dayl4 24.4 ±1.6 	1 23.6 ±5.0 22.3 ±3.2 	1 22.0 ±3.5 
As in wild-type E. co/i and in the recA-deficient strain, both repeat 
orientations are obviously destahilised in DL733. The extent of this destabilisation 
depends on the number of generations, i.e. rounds of plasmid replication, as well as 
the orientation of the repeat with respect to the origin of plasmid replication. In fact, 
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over approximately 110 generations, i.e. between day 0 and day 14, the amount of 
original-length plasmid decreased from 59.7 % to 45.3 % in orientation A and from 
61.2 % to 32.7 % in orientation B. In both orientations plasmids with shorter repeats 
accumulate with increasing number of generations whereas the amount of plasmids 
with expanded repeat arrays does not change significantly. As pointed out above, the 
latter indicates that expansions do occur at a level that is just high enough to maintain 
the expanded plasmid population of the starting population despite ongoing 
contractions. 
4.2.2.2 Mutation Spectra of pDL915 and pDL915R 
The mutation spectra of the CTG repeat in the two opposite orientations at the 
end of the 14-day time course are compared in Figure 4-9. Part a) of this figure 
shows the true distribution of repeat lengths in the population as it was isolated from 
the sbcCD mutant DL733 while part b) shows by how much the percentage value of 
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b) 
Repeat Length Change (Number of Trinucleotides) 
Figure 4-9. Mutation spectra of pDL915 (orientation A, red) and pDL915R 
(orientation B, green) in DL733 (iIrbcCD) on day 14. The colunm height was 
determined by substracting the mutation spectrum of the corresponding starting 
population from the mutation spectrum determined in DL733. 
4.2.2.3 Comparison of CTG Repeat Instability in DL733 and DL324 
The comparison between wild-type E. coli and the sbcCD mutant of the 
percentage values of plasmids carrying the original repeat length is presented in 
Figure 4-10. It can be seen that the values are very similar in all tested conditions 
with 95 % confidence intervals overlapping. This indicates that slight differences in 
(CTG)43 repeat instability between wild-type E. coli and this sbcCD mutant are not 
significant. Figure 4-10 also indicates that cultivation of transformants in the 
presence of 1 mM IPTG did not significantly affect (CTG) 43 repeat stability in 
DL733. This is underscored by the four sections of Phosphorlmages shown in Figure 
4-11 which represent CTG repeat populations in DL733 after 7 days of cultivation in 
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Figure 4-10. Instability of (CTG) 43 in orientation A and orientation B on day 14 in 
DL733 (AsbcCD) and in wild-type E. coli. Averages of two to three independent 
time courses are shown with Cl: 95 %. 
4.2.2.4 Lack of Transcriptional Effect on CTG Repeat Instability in 
DL733 
The four tested culture conditions were identical to those previously applied 
to DL324. They were as follows. To obtain the first two images in Figure 4-11 (a and 
b) the transformation mixtures were plated on LA agar plates without IPTG, 
successful transformants were harvested on the next day and diluted into LA broth 
without IPTG (a) and LA broth with IPTG (b). Lanes with the same label show 
samples that were derived from the same population of transformants. Images c) and 
d) show samples that were derived from plating the same transformation mixtures as 
in a) and b) on LA agar plates with IPTG. Again, successful transformants were 
harvested on the next day and diluted into LA broth without IPTG (c) and with IPTG 
(4 Although samples in c) and d) were derived from the same transformation 
mixtures as samples shown in a) and b), they were derived from different 
populations of transformants. It is likely that this, rather than a transcriptional effect, 
explains the variation in the banding patterns seen between the left (a, b) and right (c, 
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d) images of Figure 4-11. To make this distinction, samples in images c) and d) were 
labelled A3 and A4, B3 and B4. 
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Figure 4-11. Phosphorlmages showing CTG repeat instability in DL733 when 
transformants were cultured for 7 days in the absence or presence of 1 mlvi IPTG. 
Superscripts (0, I, II, Ill) relate to Table 3-1 in Chapter 3 indicating the transcription 
status. Biochemical analyses are shown of plasmid populations carrying the CTG 
repeat in orientation A (A) or in orientation B (B). See text for detailed description of 
time course design. 
It can be seen from Figure 4-11 that the presence of IPTG in the liquid culture 
medium has no effect on the banding pattern of the CTG repeat population. It is, 
however, not possible to conclude from this experiment whether or not the presence 
of IPTG in the LB agar plate affected the banding pattern as the banding patterns 
always varied between populations that were harvested from different plates even 
when populations consisted of more than 500 transformants that were derived from 
the same transformation mixture. 
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The lack of a transcriptional effect is supported by a comparison of the 
mutation spectra of orientation A and orientation B determined in the absence 
(IPTG°) and presence (IPTG) of IPTG. This is shown in Figure 4-12. 
Figure 4-12. Mutation spectra of (a) pDL915 (orientation A) and (b) pDL915R 
(orientation B) on day 14, when propagated in DL733 in the absence or presence of 
IPTG. Negative values on the abscissa indicate contractions, positive values indicate 
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expansions. Column heights give the percentage of instability, where negative values 
indicate a decrease and positive values indicate an increase in the percentage value 
compared to the starting population. Details of the biochemical analysis are given in 
the legend to Figure 4-5. 
It can be seen from the mutation spectra that in orientation A, there are no 
differences in the percentage values that involve changes up to + 11/- 12 
trinucleotides. Some variation in the percentage values of short repeats that can be 
seen in orientation A is likely caused by the rarity of short repeats in this orientation 
(see Figure 4-11; lanes 3, 7, 11, 15), so that a large number of time courses would be 
necessary in order to determine the significance of such divergence. No major 
differences are seen in orientation B. 
4.2.2.5 Effect of an sbcCD Mutation on CTG Repeat Instability in 
MMR-DefIcient Hosts 
Kramer et al. (1984) showed that MutS recognises A:A mismatches more 
effectively than T:T mismatches. Recently Schumacher et al. (1998), investigating 
the stability of plasmid-borne (CTG) 64 repeats in E. coli, concluded that hairpins with 
A:A mismatches are either preferentially acted upon by MMR or their formation is 
prevented by MMR. Pearson et al. (1997) studied binding of hMSH2 protein 
(encoded by a human murS-homologue) to slipped strand structures formed by CAG 
and CTG repeats with an excess of either CTG or CAG trinucleotides in the 
complementary strand which would loop out upon reannealing. Band-shift assays 
revealed that hMSH2 prefers binding of looped-out CAG repeats to binding of 
slipped structures formed by CTG repeats. 
The possibility was therefore tested that only in the absence of MutS (or 
MutL) secondary structures are accessible to SbcCD contributing to stability or 
instability of the CTG repeat. The instability of orientation A and orientation B in 
inutS sbcCD and murL sbcCD double mutants was therefore assessed and the results 
are shown in Tables 4-4 and 4-5. 
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Table 4-4. Instability of pDL9I5 (orientation A) and pDL9I5R (orientation B) 
starting populations in mutS sbcCD and mutL sbcCD double mutants on day 14 (CI: 
95 %; mean of two to five populations) 
Orientation A Orientation B 
- IPTG + IPTG - IPTG + IPTG 
Original  
DL902(mutS) 25.6 ±1.1 20.8 ±4.1 22.9 ±1.6 21.5 ±1.6 
DL936(rnutL) 21.6 ±1.8 23.3 ±1.2 21.5 ±3.7 20.4 ±2.7 
DL905 (sbcCDmutS) 24.2 ±0.9 25.0 ±0.3 21.1 ±2.1 22.1 ±2.0 
DL927 (sbcCDmutL) 22.3 ±0.7 20.9 ±3.4 20.2 ±2.7 21.2 ±1.9 
Contraction 
DL902(mutS) 38.4 ±2.1 45.0 ±4.1 44.6 ±3.8 47.7 ±2.4 
DL936 (tnutL) 43.2 ±3.0 43.5 ±4.2 46.9 ±2.7 48.8 ±2.7 
DL905 (sbcCDmutS) 41.2 ±3.3 40.8 ±2.0 49.8 ±2.9 47.7 ±0.3 
DL927(sbcCDmutL) 41.8 ±1.8 42.4 ±2.8 47.3 ±0.9 47.8 ±0.4 
Expansion 
DL902(mutS) 36.0 ±2.5 32.2 ±3.4 32.5 ±5.2 30.8 ±1.2 
DL936(mutL) 35.2 ±1.2 33.2 ±5.4 31.6 ±3.6 30.8 ±0.6 
DL905 (sbcCDmutS) 34.6 ±2.4 34.3 ±1.7 29.0 ±1.9 30.2 ±2.3 
DL927(sbcCDniutL) 36.0 ±1.8 36.7 ±0.6 32.5 ±1.8 31.0 ±1.6 
A comparison with mutS and mutL single mutants (also shown in Table 4-4) 
reveals that there is no major difference between the single and the double mutants 
indicating that also in the absence of MMR-proteins SbcCD has no effect on the 
stability of (CTG) 43 . The data presented in Table 4-5 (below) show that, compared to 
all MMR-proficient E. coli strains tested before, class-Il contractions are reduced in 
both mut sbcCD double mutants. This is not unexpected because of the presence of a 
MMR mutation in these strains. 
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Table 4.5. Subdivision of the group of contracted plasmids into contractions by up to 
seven trinucleotides (class I) and contractions of eight or more trinucleotides (class 
II). Part a) shows the true percentage values determined in four MMR-deficient 
strains on day 14. Part b) shows the same values after the values of the startifig 
population had been substracted (CI: 95 %). 
a Orientation A Orientation B 
IPTG + IPTG - LPTG + IPTG 
DL905 
Class I 30.0 	±0.8 32.2 	±0.9 29.4 	±1.5 32.2 	±4.3 
Class II 11.2 	±3.5 11.0 	±1.2 20.4 	±1.4 15.5 	±4.0 
DL927 
Class I 28.0 	±1.9 29.8 	±2.3 1 30.5 	±0.9 29.8 	±0.6 Class II 13.8 	±2.8 12.6 	±1.9 16.9 	±1.8 18.0 	±0.7 
b Orientation A Orientation B 
- IPTG + IPTG - IPTG + IPTG 
DL905 
Class I 24.4 24.2 21.3 24.0 
Class II 9.0 8.8 15.1 10.2 
DL927 
Class I 22.4 24.2 22.3 21.6 
ClassIl 11.6 10.4 11.6 12.7 
4.2.3 CTG Repeat Instability in recG Mutants of AB1157 
It has been observed that phage X ( °redgain) forms larger plaques on JM83 
compared to other reck strains of E. coli (D. Leach, unpublished observation) 
suggesting that some of RecBCD in JM83 may be inactive. Since RecBCD is the 
known target of the Gam protein it is possible that the larger plaques formed on 
JM83 indicate that the garn gene carried by a defective 080dlac on the chromosome 
of JM83 is not fully repressed. Since there is evidence from Kulkarni and Stahl 
(1989) that the Gam protein also interacts with SbcCD thereby depleting some of 
JM83s functional SbcCD, investigations into potential effects of SbcCD on 
trinucleotide repeat instability were extended to E. coli strain AB1 157 which, in 
contrast to JM83, does not carry a defective 0 80dlac. 
Propagation of both (CTG) 43 starting populations in a recG sbcCD double 
mutant has revealed interesting data which have been reproduced and will be 
presented here. However, since experiments in ABI 157 derivatives have only been 
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started in the last two months of this project, data have to be considered preliminary. 
For example, time courses using the parental AB 1157 strain as well as corresponding 
recG and sbcCD single mutants could be carried out only once due to time 
limitations so that most data await verification. Data from a systematic study of the 
effects of recG on the stability of plasmid-borne CTG repeats of different lengths 
which is now underway in our laboratory are very promising, and data are presented 
here in order to support these efforts. As before, purified colonies of AB 1157 
derivatives (Table 4-6) were used to make CaCl2-competent cells which were then 
transformed with the pDL915 and pDL915R starting populations, plated on LA agar 
plates, harvested and cultured for 14 days in LA broth. 
Table 4-6. Isogenic set of AB1 157 derivatives used for assessment of (CTG) 43 
instability. 
Strain relevant genetic background 
AB 1157 see Materials and Methods 
N2677 AsAB1157 
N2679 sbcC201 
DL1 116 recG263 ::kanr 
DL1 117 sbcC201 recG263 ::kanr 
The single 14-day time course carried out in N2677 and N2679 showed that 
both starting populations are destabilised in the expected orientation-dependent 
manner (data not shown). As previously observed in JM83 derivatives, orientation B 
is more unstable than orientation A in AB1157. Interestingly, biochemical analyses 
of plasmid DNA isolated from the two recG mutants (DLI 116 and DLI 117) 
revealed previously unseen repeat destabilisation and unusually strong orientation-
dependence developing gradually over the 14-day time course. These preliminary 
observations are presented below. 
4.2.3.1 Short CTG Repeats Accumulate in the recG Mutant DL1116 
Although analysis of both repeat orientations in DL1 116 (recG) is limited to 
two cultures it may already be noted that instability is strong and orientation-
dependent (Figure 4-13). While on day 14 almost no plasmid with the original repeat 
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length of (CTG) 43 is found in orientation B (1.5 % to 5 %), it was found that 21 % to 
38 % of all plasmids in orientation A still carry the (CTG) 43 repeat. 
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Figure 4-13. Orientation-dependent destabilisation of (CTG) 43 populations in 
DL1 116 (recG). Biochemical analysis of plasmid DNA isolated from two 
independent cultures in each orientation (Al, A2 and Bi, 132) is shown on days 0, 1 
7 and 14. Numbers on the right of the gel indicate the number of trinucleotides in 
selected EcoRI fragments. Details of the biochemical analysis are given in the legend 
to Figure 4-4. 
The mutation spectra of orientation A and orientation B which are shown in 
Figure 4-14 show that by day 14 most repeat tracts in orientation B are smaller than 
25 (Figure 4-14a) or smaller than 31 trinucleotides (Figure 4-14b) whereas in 
orientation A (Figure 4-14c) plasmids containing the original repeat length of 
(CTG)43 form the largest subpopulation throughout the time course. It is also 
remarkable that in both orientations dominant bands that contain 43 or fewer 
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dominant subpopulations on day 14. This might indicate that the dominant 
subpopulations seen on day 14 are the product of selection rather than the product of 
deletion of (CTG)43 . This possibility will be discussed at the end of this Chapter. 
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Figure 4-14. Examples of mutation spectra of pDL915 (orientation A) and pDL915R 
(orientation B) showing the destabiisation of orientation B in two cultures during the 
14-day time course (a and b) and the status of two cultures carrying orientation A on 
day 14 (c). 
4.2.3.2 Accumulation of Short CTG Repeats in a recG Mutant is 
Enhanced by Mutation of the sbcCD Genes 
Figure 4-15 shows that in DL1 117, a recG sbcCD double mutant, CTG repeat 
instability in orientation B is markedly stronger than in orientation A and also 
stronger than in the recG single mutant. It can also be seen that, in contrast to the 
recG single mutant, there seems to be no increase in the intensity of the dominant 
bands on day 0 in the recG sbcCD double mutant suggesting that the repeat 
population on day 14 may have been generated by deletion (and insertion) mutations. 
The population shown in lane 17 of Figure 4-15 was obtained in a second 
independent experiment in which only one of the two cultures yielded sufficient 
DNA for biochemical analysis on day 14 (biochemical analysis of plasmid DNA 
isolated from the two cultures on day 7 revealed similar patterns). 
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Figure 4-15. Orientation-dependent destabilisation of (CTG) 43 populations in 
DLI 117 (sbcCD recG). Biochemical analysis of plasmid DNA with the CTG repeat 
in orientation A (A) and B (B) isolated from two independent cultures (Al, A2 and 
Bi, B2) is shown on days 0, 1 , 7 and 14. Lane 17 shows a third independent culture 
for orientation B on day 14 (133). Numbers on the right of the gel indicate the number 
of trinucleotides in selected EcoRI fragments. 
Interestingly, propagation of orientation B for 14 days in DLI 117 produced a 
main band at (CTG) 12  in all independent cultures that could be analysed (Figure 4-15; 
lanes 15, 16, 17). Dominant bands on day 0 are seen at (CTG) 19 , (CTG)3 1 , (CTG) 38 
and (CTG) 41 . By day 7 a cluster of contracted CTG repeats has formed below 
(CTG) 19 This cluster has shifted to (CTG) 12 on day 14. This gradual approach of 
(CTG) 12  in orientation B over approximately 110 generations is shown in Figure 4-
1 6a. It can be seen that CTG repeat instability in DL 1117 is consistently lower in 
orientation A than in orientation B and highly erratic generating few strong 
subpopulations that vary in length and intensity from culture to culture. The strongest 
subpopulations in orientation A were mostly found between (CTG) 37 and (CTG)46 
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and repeat expansions are recognisable. This might indicate that the additional 
sbcCD mutation stabilises the CTG repeats in orientation A whereas it destabilises 
them in orientation B. However, a larger number of time courses is necessary to 
establish a pattern of instability (if such exists) in orientation A. Since there is no 
consistency in the contraction pattern, four mutation spectra of orientation A on day 
14 were decided to be shown separately (Figure 4-1 6b). 
Figure 4-16. Mutation spectra of pDL915 (orientation A) and pDL915R (orientation 
B) in DL1 117 (recG sbcCD). a) Orientation B: plasmid DNA from three to four 
independent cultures was analysed on days 0, 1, 7 and 14. The abscissa gives the 
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number of trinucleotides and the column height represents the average percentage 
value of a particular repeat length. b) Orientation A: plasmid DNA from four cultures 
was analysed on day 14. Mutation spectra of four independent cultures are shown 
separately. They are shown in shades of yellow to emphasise the fact that they 
represent mutation spectra on day 14 (which are always shown in yellow). 
4.3 Summary and Discussion 
It was demonstrated in the previous chapter that in wild-type E. coli 
contractions of more than —7 trinucleotides occur preferentially in orientation B 
whereas smaller contractions were detected at similar frequency in the two 
orientations. Since the percentage of short repeat arrays in orientation B was reduced 
in mutS, mutL and mutH mutants it was proposed that functional MMR may 
contribute to their generation in an orientation-dependent manner. In this chapter 
CTG repeat instability has been analysed in an additional set of MMR-proficient and 
MMR-deficient JM83 strains confirming the previous indication of two opposing 
effects of MMR on (CTG) 43 repeat instability in E. co/i. The main purpose of this 
study, however, was to identify effects of mutations in the recA and sbcCD genes on 
CTG repeat instability in JM83. From the investigation it is concluded that an sbcCD 
mutation does not affect CTG repeat instability, and that the effect of a mutation in 
the recA gene, if any, is so small that a greater number of populations will have to be 
analysed in order to increase confidence. As previously observed with wild-type E. 
coli and MMR-deficient E. coli strains (see Chapter 3), induction of transcription 
into the CTG repeat had also no major effect on repeat instability in the recA and 
sbcCD mutants studied in this Chapter. Effects of transcription on CTG repeat 
instability in E. coli or lack thereof have been discussed in the preceding Chapter. 
4.3.1 CTG Repeat Instability in recA and sbcCD Mutants of E. coli 
The small orientation-independent decrease in the number of plasmids 
carrying the original repeat length in the recA mutant may be due to cleavage of 
secondary structures by SbcCD that are occasionally formed from the CTG repeats, 
regardless of their orientation. Because of the recA mutation DSBs so generated 
cannot be repaired and plasmids with CTG repeats above a certain length are slowly 
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lost from the population. This could be tested by introducing an sbcCD mutation into 
the recA mutant, as a result of which repeat instability should return to the level 
found in the sbcCD single mutant. The smallness of the effect of the recA mutation 
may yet aggravate this investigation. 
Because of additional problems concerning SbcCD function in JM83 (see 
below) one may have to consider using another parental strain (e.g. AB 1157) before 
continuing the analysis. One may also prefer to continue the investigation using 
chromosomal insertions of (CTG) 43 because of additional effects introduced by this 
plasmid-based system. For example, the prevention of plasmid multimerisation by 
the recA mutation could also have contributed to the small and orientation-
independent decrease in the number of plasmids with the original repeat length in the 
recA mutant. Naturally, plasmid multimers have multiple origins of replication so 
that any sequence contained on them has multiple chances of being replicated before 
cell division. It is therefore possible that multimerisation contributes to survival of 
longer repeats in recA-proficient cells. The lack of an effect of a recA mutation in an 
SbcCD-proficient strain is consistent with findings of Jaworski et al. (1995) who 
studied the effect of a recA mutation on the stability of (CTG) 1 80 in MMR-deficient 
strains. Further explanations for the lack  of an SbCCD effect on CTG repeat 
instability in wild-type E. coli and in the recA mutant are provided below. 
Firstly, the SbCCD system might be oversaturated in wild-type E. coli 
because of the high copy number of repeat-containing plasmids. There are now 
indications from this laboratory that the SbcCD nuclease complex is not very 
abundant. In fact there may be as few as two complexes per cell. 
Secondly, as mentioned above, the (CTG) 43 repeat may not be long enough to 
form secondary structures that are recognised and cleaved by the SbcCD nuclease 
complex. This would be compatible with a role of the SbcCD complex in preventing 
expansion events of substantially longer CTG repeats as recently reported by Sarkar 
et al. (1998). Their study shows massive temperature- and orientation-dependent 
CTG repeat expansions in SURE cells which are sbcC mutants. Discrete large-scale 
expansions measuring 2 kb to > 6 kb dominate when the CTG repeat consists of ~ 
330 trinucleotides while a continuous smear of expansion products is generated by 
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plasmids carrying ~t 120 trinucleotides. When a plasmid expressing SbcC was 
present in these cells only deleted repeat arrays could be detected. It has to be seen 
whether (CTG)43 expands under the conditions these authors used. However, initial 
experiments in our laboratory indicate that this may not be the case supporting the 
notion that (CTG) 43 is insufficient for stable secondary structure formation in vivo. 
The model of bimodal CTG repeat amplification put forward by Sarkar et al. (1998) 
will be discussed together with other recently proposed models of CTG repeat 
instability in Chapter 7. 
Thirdly, as pointed out above, the gam gene carried by a defective 0 80dlac 
residing on the chromosome of JM83 might not be fully repressed and Gam protein 
may be inactivating some SbcCD. On the other hand that palindromes confer 
inviability to the JM83 recA mutant (this laboratory) indicates that there is functional 
SbcCD protein in JM83 pointing towards the other two explanations for the lack of 
an effect of the sbcCD mutation on CTG repeat instability. 
To test the possibility that the lack of an effect of SbcCD may not be due to 
the lack of secondary structure formation from the (CTG) 43 repeat, but may be due to 
oversaturation, and possibly partial inhibition of SbcCD function by Gam, it was 
decided to insert single copies of both orientations of (CTG)43 into the chromosome 
of AB 1157 derivatives and to initiate an investigation into viability and stability of 
chromosomal insertions of (CTG) 43 . This is described in Chapters 5 and 6. 
4.3.2 How Might a recG Mutation Affect CTG Repeat Instability? 
Due to our incomplete knowledge of the in vivo substrates of RecG and 
SbcCD and due to the limited data provided by the present study it is not possible yet 
to propose a working model for the effect of RecG on CTG repeat instability in E. 
coli. Still, some testable ideas relating to the mechanistic causes of the orientation-
dependent contraction process may be put forward at this point. One possible 
explanation for orientation-dependent CTG repeat destabilisation is induction of the 
mutagenic SOS response. This proposal is justified for at least two reasons. First, 
Asai and Kogoma (1994) have shown that recG mutants, in contrast to all other E. 
coli strains tested here, are constitutively induced for the SOS response. Second, 
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Morel et al. (1998) have demonstrated that remarkable destabilisation of an (AC)51 
dinucleotide repeat in uvrD, rep and polA mutants is completely (uvrD, rep) or partly 
(polA) due to chronic induction of the SOS response in these mutants. Introduction of 
a non-inducible lexA allele (which will inhibit the SOS response cascade) partly 
(polA) or completely (uvrD, rep) restored wild-type levels of dmucleotide repeat 
instability in these mutants. Dinucleotide repeat instability in an E. coli mutS mutant 
was not affected by this lexA mutation. This was expected since mutations in mutS do 
not induce the SOS response (Matic et al. 1995). 
The question remains: How could chronic induction of the SOS response 
increase orientation-dependent CTG repeat instability. Morel et al. (1998) proposed 
modification of the DNA polymerase holoenzyme. For example, exposure of E. coli 
cells to ultra-violet radiation, a potent inducer of the SOS response, leads to the 
expression of the dnaN* gene which was identified in-frame within the dnaN gene by 
Skaliter et al. (1996). They found that dnaN* codes for 13*, a smaller form of the 13 
subunit of DNA polymerase III holoenzyme. Normally, 13 functions as the sliding 
clamp that tethers DNA polymerase to its template. That expression of 131c  from a 
plasmid improved survival rates after UV-irradiation by 6-fold, led the authors to 
propose that 13* participates in a cell recovery and/or DNA repair mechanism that is 
limited by 13*. Perhaps the smaller 13*, being expressed in times of threatened 
survival, exists to ensure simply continuation of DNA replication without too much 
regard for accuracy. Under these circumstances, failure of polymerase to properly 
adhere to the template may predispose polymerase to slip across small loops that 
form in repetitive template DNA increasing the frequency of slippage events that 
escape the intact MutHLS-mediated mismatch correction (>4 bp) in these strains. 
Similarly the umuD and umuC genes involved in error-prone DNA 
replication are under SOS control (Elledge and Walker, 1983; Shinagawa et al. 
1983). They code for the UmuDC protein which, in situations of DNA damage, 
ensures continuation of DNA synthesis across lesions. However, the products of 
UmuDC-assisted translesion synthesis are primarily base substitutions (Tomer et al. 
1998) so that, if anything, the CTG repeat should have been stabilised with 
increasing number of generations because of the accumulation of tract interruptions. 
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Battista et al. (1988) proposed that during SOS response UmuDC may serve as an 
alternative sliding clamp, which Morel et al. (1998) proposed might be less tightly 
bound to its substrate. It is possible that one of the two repeat sequences (CAG or 
CTG) or one of the two strands (leading or lagging) could be more prone to sücha 
destabilising effect of increased polymerase slippage. Nevertheless, as Morel et al. 
(1998) have pointed out, it remains to be established whether SOS induction alone, in 
the absence of DNA damage, affects processivity of polymerase in any way like this. 
The involvement of SOS response pathways in the contraction of the CTG repeat 
population in the E. co/i recG and the recG sbcCD mutants could be tested by 
introducing a recA null mutation which should result in restoration of wild-type 
levels of CTG repeat instability. In case of restoration, one would then have to verify 
whether the effect is the result of inactivation of RecA-mediated homologous 
recombination or inactivation of the SOS response. This could be achieved by 
introduction of a non-inducible lexA allele (e.g. lexA ind3), which does not affect 
homologous recombination, but inactivates SOS response as it renders the Lex 
repressor resistant to proteolytic cleavage by RecA. - 
Other ways by which a recG mutation could destabilise the CTG repeat may 
involve its function as a branch-specific helicase during recombination and DNA 
repair. RecG binds and unwinds a number of DNA substrates in vitro (see Figure 4-
1) including a Holliday junction, a three-way duplex and a D-loop. The CTG repeat 
lengths pattern that develops during the 14-day time course in the recG mutant 
(Figure 4-11) shows 20-fold accumulation of particular repeat lengths and selection 
against others. One possible explanation for this observation could be an infrequently 
acting mechanism that generates intermediates that cannot be processed in the 
absence of RecG leading to loss of these plasmids from the population. First, it is 
possible that the CTG repeat is targeted by an endonuclease (e.g. SbcCD) which 
generates DSBs that require repair by homologous recombination involving RecG. 
CTG repeats above a certain length in a particular orientation with respect to the 
replication origin may preferentially form substrates for such an endonuclease 
leading to a faster depletion of the population of long repeat arrays in one orientation 
compared to the other. By this pathway, entire plasmids rather than repeat units 
would be lost from the population explaining the lack of novel band patterns being 
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generated in the recG mutant during the 14-day time course. This could explain the 
orientation-dependent intensity of selection observed in the recG single mutant. If 
SbcCD is involved in generating DSBs, then an sbcCD mutation should suppress the 
recG effect, and there are indications from the preliminary experiments in this study 
that the introduction of an sbcCD mutation into the recG mutant may indeed have a 
stabilising effect on orientation A. On the other hand, it was also shown that in the 
recG sbcCD double mutant instability of the CTG repeat in orientation B is increased 
compared to the recG single mutant. Naturally, RecG targets Holliday junctions and 
may be able to resolve them by reverse branch migration, or in conditions when 
RusA or another resolvase have been activated. In ruv cells, such as DL1 116 and 
DL1 117, however RecG is probably not required for Holliday junction resolution. 
Hence it is unlikely that the mutator phenotype of recG and recG sbcCD mutants 
observed here is due to impaired resolution of Holliday junctions. 
Second, rather than limiting late stages of recombination, such as Holliday 
junction resolution, the recG mutation might affect the balance between the helicase 
activities of RecG and PriA acting on D-loops which are formed during early stages 
of recombination by RecA-mediated strand invasion (Figure 4-17). Both, RecG and 
PriA recognise D-loops and have 3'— 5' helicase activity, and the balance between 
them may be critical in establishing Holliday junctions for processing by RuvABC. 
PriA -i 
4 - ------------  
"1- RecG 
Figure 4-17. Balanced PriA and RecG activities on a D-loop generated by RecA-
mediated 3'-end invasion during early stages of homologous recombination (adapted 
from Al-Deib et al. (1996). The filled box represents a primosome assembly site. 
Interestingly, point mutations near or within helicase motifs of priA were 
isolated as suppressors of the DNA repair- and recombination-deficient phenotype of 
recG null mutants, indicating that the helicase activity of PriA normally inhibits 
recombination and DNA repair, and that RecG counteracts that effect (Al-Deib et al. 
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1996). The contraction pattern observed in DLI 116 and DL! 117 could therefore be 
the result of abortive recombination andlor DNA repair leading to selective plasmid 
loss. Since these suppressors of the recG phenotype (srgA) do not affect primosome 
assembly necessary for initiation of lagging strand replication, this hypothesis could 
be tested by introducing a srgA allele into DL1 116 (and DL1 117). Recombination 
and/or DNA repair involving D-loops may be stimulated by CTG repeats above a 
certain length and of a certain orientation with respect to the origin of replication 
explaining selective plasmid loss observed in DL1 116 and DL1 117. Even though 
only few cultures have been analysed so far, it may not be a coincidence that 
(CTG) 12 was always identified as the major repeat length in the recG sbcCD double 
mutant. 
Thirdly, increased frequency of adaptive mutations in the lacI gene in recG 
mutants has been attributed to a mutagenic form of DNA replication that is promoted 
by RuvAB, but inhibited by RecG (Foster et al. 1996; Harris et al. 1996). In a 
model proposed by Harris et al. (1996) RecG aborts 3'-end invasion while RuvAB 
promotes it (the effect of the two proteins on 5'-end invasion would be reversed). 
Since only a 3'-end is assumed to prime replication, mutagenic replication would 
increase in the absence of RecG explaining the mutator phenotype of recG mutants. 
Al-Deib et al. (1996) proposed that since in a recG mutant the balance between RecG 
and PriA is shifted in favour of PriA formation and resolution of the Holliday 
junction may be delayed, thereby expanding the window during which mutagenic 
replication could take place. 
Other than Holliday junctions and D-loops, RecG can bind and dissociate Y-
junctions in vitro (see Introduction to this Chapter), and it may be proposed as a 
fourth possibility that intermolecular misalignments, so-called strand switches, 
occasionally occur when the replication fork pauses within a CTG repeat. According 
to a model by Echols and colleagues (Echols and Goodman, 1991; Lu and Echols, 
1987) strand switching results from paused leading strand replication upon which the 
3-end of the stalled daughter strand dissociates from its template and then, mediated 
by RecA, anneals to a complementary (or quasi-complementary) single-stranded 
region on the lagging strand where DNA replication is continued. 
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This is followed by a switch back to the leading 
strand template. Whitby et al. (1993) suggested that 
? (  RecG could function in the reversal of such a strand-
switch (Figure 4-18). Because of the quasi-palindromic 
nature of the CTG repeat two Watson-Crick base pairs 
are formed for every A:A or T:T mismatch. 
In the absence of RecG, and may be even more 
RecG 
so in the absence of RecG and SbcCD, replication 
might pause near or within CTG repeats, thereby 
N 	promoting strand switching whose dissociation may 
, 	require RecG helicase activity. If that is so, then 
plasmids that cany CTG repeats that are short enough 
RecG  
not to stimulate strand switching may be preferentially 
recovered from recG and recG sbcCD mutants. 
Incubation of pDL915 and pDL915R plasmid DNA 
with the restriction endonuclease PstI (5'-CTGCAG-3') 
may reveal interruptions introduced during strand 
switch DNA synthesis. However, interruptions are not 
necessarily a prediction of this model since in recG-
proficient cells strand switches might be rare and often 
Figure 4-18. 	RecG- 
reversed before DNA is copied from the lagging strand, 
and in the recG-deficient strains plasmids that have 
mediated resolution of a 
undergone irreversible strand switch may be lost from 
Y-junction formed by 
the population and may therefore not be available at the 
strand switching across the 
point of analysis. 
replication fork. Adapted 
from Whitby et al. (1994). 	The nature of the leading strand block and a 
possible role of SbcCD in this pathway are also 
uncertain. Strand switching in plasmids has been shown to be promoted by perfectly 
palindromic sequences probably because of the potential of these sequences to 
extrude into a cruciform structure in front of the replication fork. Pinder et al. (1998) 
isolated a DNA sequence generated by palindrome-associated strand switching from 
the sbcCD mutant DL733. In a wild-type cell SbcCD might have prevented this 
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strand switch by cleaving the cruciform which would have been followed by DSB 
repair or loss of the plasmid. An intermolecular strand switch mechanism has also 
been invoked to explain the correction of quasipalindromic sequences (Ripley, 
1982). Recently, Rosche et al. (1997) presented evidence that correction of a 17-lip 
quasipalindrome involving either +1 or —1 frameshifts preferentially occurs during 
leading strand replication. They proposed an intermolecular strand switch of the 3' 
end of the leading daughter strand to the single-stranded lagging strand template that 
is promoted by the proximity of the two strands at the fork. They further suggest that 
pausing may occur as a consequence of the potential of the 17-bp sequence to adopt a 
secondary structure. 
To conclude, contracted CTG repeat populations recovered from recG and 
recG sbcCD mutants may be ascribed to PriA which targets and may dissolve D-
loops in the absence of RecG thereby delaying or inhibiting Holliday junction 
formation and resolution. Other mechansims such as mutagenic SOS response, 
mutagenic DNA replication promoted by RuvAB, but normally inhibited by RecG, 
and/or strand switching may also contribute to the recG mutator phenotype. Ways to 
test the involvement of some of these mechanisms have been proposed. 
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CHAPTER 5 
Construction and Viability of 
Chromosomal Insertions of CTG Repeats 
in E.coli 
5.1 Introduction 
In the preceding chapter it was tested whether (CTG) 43 repeats in pUC18 are 
substrates of the SbcCD nuclease complex. The lack of an effect of an sbcCD null 
mutation on (CTG)43  repeat stability suggested that the CTG repeats are not sites of 
SbCCD cleavage. This was supported by the lack of an effect of a recA mutation in 
an otherwise wild-type strain since RecA would have been required for the repair by 
homologous recombination of DSBs generated by SbcCD during replication. 
However, the interpretation of the data was complicated by the use of a plasmid-
based system. For example, it is possible that the SbcCD system was oversaturated in 
wild-type E. coli due to the high copy number of CTG-repeat-containing plasmids. In 
this case, the introduction of an sbcCD mutation might not have had a detectable 
effect. Therefore, to reduce copy number, the (CTG) 25 and (CTG)43 repeats from 
pDL913 and pDL915 were inserted into the chromosome of E. coli utilising phage ? 
integration at the attachment site (att). The experimental system and its expediency 
for determining cleavage of the (CTG) 43 repeat by SbcCD in the E. coli chromosome 
are outlined below. 
Murialdo (1988) observed that E. coli cells that do not possess functional 
RecA and RecB proteins are killed by a single chromosomal DSB. Both RecA and 
RecB proteins function in DSB repair by homologous recombination (see 
introduction to Chapter 4). DSBs can be generated directly by ionising radiation or - 
indirectly during the repair of DNA damage caused by exposure to DNA damaging 
agents such as ultraviolet light (reviewed in Friedberg et al. 1995a). DSBs also 
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appear to be intermediates of the repair of unusual secondary structures that are 
formed by palindromic sequences when they are single stranded during replication in 
E. coli. For example, Leach et al. (1997) reported that an interrupted 246-bp 
palindrome, which can be maintained in the chromosome of E. coli wild-type cells, 
causes lethality in recA, recB and recC mutants. That this lethality can be suppressed 
by a mutation in either the sbcC or sbcD gene led the authors to suggest a model in 
which SbcCD nuclease cleaves a hairpin structure that is adopted by the palindromic 
DNA when it is single stranded during replication leading to a DSB (see Figure 4-2, 
Chapter 4). 
The single strands of pseudo-palindromic CTG trinucleotide repeats have also 
been shown to adopt unusual conformations in vitro leading to pausing of DNA 
synthesis (Ohshima and Wells, 1997), stalling of human DNA-methyltransferase 
(Smith and Baker, 1997) and unusual gel mobility (Ohshima and Wells, 1997). These 
secondary structures are generally suggested to be hairpins (see Chapter 1). For 
example, Mariappan et al. (1998) showed in vitro that single stranded CAG repeats 
that consist of ten or more trinucleotides form exclusively doubly looped hairpin 
structures with a single trinucleotide in each loop (see Chapter 1, Figure 1-3). 
Despite such ample documentation of hairpin formation by single stranded 
CAG and CTG repeats in vitro, evidence that they form hairpin structures also in 
vivo has remained scarce. The first concordant in vivo evidence was produced in this 
laboratory (Darlow and Leach, 1995) by using an assay that measures the size of 
plaques formed by ?. phages that contain a palindrome with the trinucleotide repeat 
of interest inserted in its centre. The results from that study showed that central 
insertions of (CTG)2 and (CTG) 4 inhibited plaque formation, i.e. X phage replication, 
more than (CTG) 3 and (CTG) 5 suggesting a preferred position of folding. In contrast 
to in vitro evidence which is in favour of stable hairpin formation by GAC repeats 
(Yu et al. 1995b; Petruska et al. 1996; Ohshima and Wells, 1997; Mitas, 1997), the 
authors did not find any evidence for unusual GAC loop stability in this plaque 
assay. Interestingly, GAC repeats are quite absent from human genome databases 
compared to the other ten possible trinucleotide groups (Han et al. 1994). 
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It was investigated here whether, similar to palindromic sequences (see 
Introduction in Chapter 4) chromosomal insertions of the pseudo-palindromic 
(CTG) 25 and (CTG) 43 repeats are lethal in E. coli recA mutants, and if so, whether 
lethality is orientation-dependent and can be suppressed by an sbcCD null mutation. 
Phage ADRL246 was used in this study. XDRL246 was constructed in this 
laboratory by inserting the EcoRI-B gill fragment from pZeoSV2(+) (Invitrogen) into 
phage ?JXF97 (St. Pierre and Linn, 1992) using BamHI and EcoRT sites in the 
multicloning site. The (CTG)25 repeat from pDL913 and the (CTG) 43 repeat from 
pDL915 were inserted in both orientations into the single EcoRI site of XDRL246. A 
246-bp interrupted palindrome present in X phage SKK43 was also inserted into 
XDRL246. Kulkarni (1990) had isolated ASKK43 after lysogenisation of AB1 157 as 
a spontaneous deletion product of a X phage carrying a 460-bp palindrome. ASKK43 
was found to contain a 246-bp interrupted palindrome that consists of inverted 
repeats of 111 bp separated by a 24-bp central spacer (Appendix, Figure 3). In 
contrast to other palindromes, the 246-bp palindrome of ?SKK43 can be maintained 
in the chromosome of wild-type E. coli. On the other hand, XSKK43 confers 
inviability on sbcCD-proficient E. coli hosts that lack genes required for DSB repair 
by homologous recombination (recA, recB, recC). This indicates the persistence of 
DSBs that result from endonucleolytic cleavage of the chromosome at the 
palindromic site by SbcCD (Leach et al. 1997). The construction of a palindrome-
containing control phage was necessary for the viability assay used in this 
investigation which required as a positive control a sequence that confers inviability 
on sbcCD-proficient, but recombination-deficient E. coli strains. 
The viability test used here measures the frequency with which the A phages 
lysogenise a range of recombination-deficient hosts. In this test, a decrease in the 
lysogenisation frequency in recA-deficient strains by several orders of magnitude 
compared to wild-type hosts would be direct evidence for double strand breakage in 
vivo that occurs frequently enough to inhibit colony formation. 
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5.2 Results 
5.2.1 Construction of 2 Phages with Insertions of CTG 
Repeats from pDL913 and pDL915 
5.2.1.1 Insertion of CTG Repeats into ADRL246 
Plasmids pDL913 and pDL915 were digested to completion with EcoRI and 
DNA fragments were separated by electrophoresis on a 1 % SEA-CHEM agarose gel. 
EcoRI fragments containing the trinucleotide repeats were extracted from appropriate 
locations on this gel using the QlAquick Gel Extraction Kit (Qiagen). They were 
then ligated to EcoRl-digested and dephosphorylated DNA of phage ADRL246 in a 
molar ratio of approximately 1:1. In vitro packaged X particles were amplified by 
infection of the sbcCD null mutant DL733 and plating on BBL agar plates. 
Recombinant X phage containing CTG repeats in the two opposite orientations were 
identified as described below. 
5.2.1.2 Identification of Recombinant ? Phages Containing CTG 
Repeats 
In situ DNA hybridisation using the (CTG) 25  repeat of pDL9 13 as 
hybridisation probe was used to directly screen for recombinants. For this purpose, 
the EcoRI fragment of pDL9 13 containing (CTG) 25 was DIG-labelled. Per construct, 
approximately 200 plaques were transferred onto a nylon membrane and 
hybridisation to the DIG-labelled EcoRI fragment was attempted. The results are 
shown in Figure 5-1. It can be seen that the cloning of CTG repeats from pDL9 13 
and pDL9 15 yielded a number of recombinants. In fact, 89 % of all plaques obtained 
after attempted cloning of (CTG) 25  and 47 % of all plaques obtained after attempted 
cloning of (CTG)43  hybridised to the DIG-labelled probe. For further analysis, 
several plaques of both constructs that corresponded to a positive hybridisation signal 
were picked into 1 ml of phage buffer containing 10 tl of chloroform. They were 
purified by two rounds of growth in DL733. 
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Figure 5-1. Chemiluminescent plaque hybridisation showing the detection of 
positive plaques after attempted cloning of (CTG) 25 and (CTG)43 into ?DRL246. 
Plaque hybridisation was carried out as described in Chapter 2. The DIG-labelled 
EcoRI fragment of pDL9 13 containing (CTG) 25 was used as the hybridisation probe. 
Nylon membranes were exposed to X-ray films for 5 minutes at room temperature. 
5.2.1.3 Identification of CTG Repeat Insert Size and Orientation 
Using PCR 
Two PCR-primers, labelled GENOME 1 and GENOME 2 (Figure 5-2), were 
designed which anneal to ADRL246 and allow the amplification of DNA fragments 
inserted into the single EcoRI site. A third primer, M6834, which anneals to the 
EcoRI insert was then used to identify the orientation of the EcoRI insert in 
recombinant ? phages which were found to carry a single EcoRI insert of the 
expected size. All primers were designed using Primer5rm software. 
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GAATTCCTCCCCTTTCTAGCCTTCTTCAAGCATCTTGGGAGCATCTTTG (CTG) AGATGATCAGCAGC 




Figure 5-2. Part of the nucleotide sequence of (a) XDRL246 spanning the single 
EcoRI site used for insertion of EcoRI fragments of pDL9 13 and pDL9 15 (b) which 
contain (CTG) 25 and (CTG)43 , respectively. Primers were designed using Primer3 
software. 
It can be seen from Figure 5-2a that without an insertion in the EcoRI site 
primers GENOME 1 and GENOME2 will produce a PCR fragment that is 60 bp long. 
Accordingly, single insertions of EcoRI fragments from pDL913 and pDL915 are 
expected to yield PCR products of 233 bp and 287 bp, respectively (Figure 5-2b). 
Using primer pair GENOME 1/GENOME 2, PCR was carried out directly on single 
bacteriophage plaques. (see Chapter 2, 2.2.4.4 The Polymerase Chain Reaction). Of 
ten XDRL246-(CTG) 25 plaques that corresponded to a positive hybridisation signal 
eight were found to contain a single EcoRI insert of the expected size, one contained 
two EcoRl inserts and another possibly three EcoRI inserts. Primer pairs 
GENOME1-M6834 (G1-M6834) and GENOME2-M6834 (G2-M6834) were then 
used to select recombinants with the EcoRI insert in the two opposite orientations. Of 
six recombinant phage analysed two yielded PCR products only with primer pair Gl-
M6834 (orientation B) while the other four yielded PCR products only with primer 
pair G2-M6834 (orientation A). PCR on three of four positive DRL246-(CTG) 43 
plaques revealed products of the expected size while one recombinant phage yielded 
a slightly faster migrating product which had probably some CTG trinucleotides 
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deleted. Of the three recombinants with the expected insert size one had the EcoRI 
fragment in orientation B and two had it in orientation A. Characteristics of the 
newly constructed X phage are summarised in Table 5-1. 
Table 5-I. Designations of newly constructed XDRL246 derivatives with insertions 
of CTG -repeat -containing EcoRI fragments of pDL913 and pDL915. The sequences 
shown are on the lagging strand after X phage integration into the E. coli 
chromosome. When replicated during lytic growth of X phage the strands are 
reversed. 
Designation Repeat tract from Orientation Lagging Strand Sequence 
XDRL278 pDL9I3 	 A 	 CAG 
?DRL279 pDL9 13 	 B 	 CTG 
ADRL280 pDL915 	 A 	 CAG 
XDRL281 pDL915 	 B 	 CTG 
5.2.2 Insertion of the 246-bp Palindrome from ASKK43 into 
?DRL246 
5.2.2.1 Subcloning of the 246-hp Palindrome from ?SKK43 into 
pUC19 
Several attempts to clone the 246-bp palindrome from ?SKK43 directly into 
XDRL246 or pUC19 had failed. However, successful amplification by PCR of a 520-
bp DNA fragment of XSKK43 including the 246-bp palindrome had been achieved in 
the course of another project going on in this laboratory at the time. As the 246-bp 
palindrome is immediately flanked by EcoRI sites, it was decided to digest this 520-
bp PCR product with EcoRI and insert the EcoRI fragment into the EcoRI site of 
pUCI9 and subsequently into the EcoRI site Of?cDRL246. For that purpose, the 520-
bp PCR product was purified using the QlAquick PCR Purification Kit (Qiagen) and 
eluted from the spin column with 20 tl of 10 mM Tris-buffer. The purified PCR 
product and pUC19 were digested to completion with EcoRI, ligated to EcoRI-
digested pUC19 and used to transform CaCl 2-competent cells of DL733 (sbcCD). 
229 
Chapter 5 Construction and Viability of Chromosomal Insertions of CTG Repeats 
deleted. Of the three recombinants with the expected insert size one had the EcoRI 
fragment in orientation B and two had it in orientation A. Characteristics of the 
newlyconstructed X phage are summarised in Table 5-1. 
Table 5-1. Designations of newly constructed ?DRL246 derivatives with insertions 
of CTG-repeat-containing EcoRI fragments of pDL9 13 and pDL9 15. The sequences 
shown are on the lagging strand after ? phage integration into the E. coli 
chromosome. When replicated during lytic growth of ? phage the strands are 
reversed. 
Designation Repeat tract from Orientation Lagging Strand Sequence 
ADRL278 pDL913 A CAG 
XDRL279 pDL913 B CTG 
?DRL280 pDL915 A CAG 
XDRL281 pDL915 B CTG 
5.2.2 Insertion of the 246-bp Palindrome from ASKK43 into 
XDRL246 
5.2.2.1 Subcloning of the 246-bp Palindrome from ?SKK43 into 
pUC19 
Several attempts to clone the 246-bp palindrome from ?SKK43 directly into 
XDRL246 or pUC19 had failed. However, successful amplification by PCR of a 520-
bp DNA fragment of XSKK43 including the 246-bp palindrome had been achieved in 
the course of another project going on in this laboratory at the time. As the 246-bp 
palindrome is immediately flanked by EcoRI sites, it was decided to digest this 520-
bp PCR product with EcoRI and insert the EcoRI fragment into the EcoPJ site of 
pUC19 and subsequently into the EcoRI site of ADRL246. For that purpose, the 520-
bp PCR product was purified using the QlAquick PCR Purification Kit (Qiagen) and 
eluted from the spin column with 20 tl of 10 mM Tris-buffer. The purified PCR 
product and pUC19 were digested to completion with EcoRI, ligated to EcoRI-
digested pUC19 and used to transform CaC12-competent cells of DL733 (sbcCD). 
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The transformation mixtures were spread onto LA! agar plates supplemented with X-
gal (40 tg mF'). Plasmid DNA was prepared from an overnight culture that had been 
inoculated with a single purified positive transformant. This recombinant plasmid 
was labelled pPAL43. Since the 246-bp palindrome was derived from phage X, its 
sequence was known and predictions about restriction sites could be made. 
Accordingly, the 246-bp insert contains two Dde! sites, but neither EcoRJ nor PvuII 
sites. In contrast, pUC19 (2686 bp) has a single EcoRI site (at 396), two PvuII sites 
(at 306 and 628) and six Dde! sites (at 171, 1081, 1490, 1656, 2196 and 2622). The 
predicted DdeIJPvuIIJEcoRI restriction map of pPAL43 is shown in Figure 5-3. 
308 	 874 
396 642 PI 
D 	D 	D 	 D 	D D 	D 	 D 
171 472 563 1327 1736 1902 2442 2868 
Figure 5-3. Predicted location of EcoRI, DdeI and PvuII restriction sites in pPAL43. 
Note that DdeI sites at 171 bp and 2822 bp produce a 235-bp DdeI restriction 
fragment upon cleavage of the circular plasmid. Recognition sites for EcoRT, Dde! 
and PvuII are labelled E, D and P, respectively. Numbers indicate the location in bp 
of the restriction sites in pPAL43. Map is not drawn to proportion. 
It can be derived from Figure 5-3 that successful insertion of the 246-bp 
palindrome into the EcoRI site of pUC19 predicts that the 910-bp DdeI fragment of 
pUC19 (shown in Figure 5-4, lane 3) that includes the EcoRI site increases in size by 
246 bp and is cleaved twice by Dde! to yield three fragments consisting of 764 bp, 
301 bp and 91 bp (lane 9). An EcoRI digest of the recombinant plasmid is predicted 
to yield a single 246-bp fragment (lane 8) while an EcoRIIDdeI double digest is 
- expected to cleave the 301-bp fragment into 225-bp and 76-bp fragments (lane 10). 
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being the 246-bp palindrome from XSKK43. It can also be seen from Figure 5-4 
(lane 13) that the insertion of the palindromic sequence into pUC19 (lane 7) 
provoked multimerisation of the plasmid. 
ME 
pUC19 	I 
D ED P PD u E 
pPAL43 
D ED P PD u M 
i 	2 	3 	4 	5 	6 	7 	8 	9 10 11 12 13 141 
Figure 5-4. Restriction analysis of pPAL43. Ethidium bromide stained 2 % agarose 
gel showing cleavage of pPAL43 and pUC19 with the restriction endonucleases 
EcoRJ (H), DdeI (D), EcoRI and DdeI (E/D), PvuII (P) and PvuII and DdeI (PID). 
Uncut (u) pUC19 and pPAL43 are shown in lanes 7 and 13, respectively. DNA size 
marker VI (Boehringer Mannheim) can be seen in the lanes 1 and 14, labelled M, 
with numbers on the right of the gel indicating the size of the DNA fragments (in 
bp). 
To confirm the base sequence of the insert in pPAL43 manual radioactive 
sequencing was carried out using primer 596L. The autoradiograph in Figure 5-5 
shows the nucleotide sequence of the EcoRI fragment in pPAL43. It can be seen that 
the cloned palindrome in pPAL43 consists of 246 bp and differs at three positions 
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Two of these changes are T —p C transversions 
and one is an A —* C transition (Appendix, Figure 
EcoRI site 3). The appearance of bands in all four lanes right 
at the beginning of the palindromic sequence 
might be a sign of structure-specific, as opposed to 
sequence-specific, chain termination due to 
difficulties of the polymerase to enter the hairpin 
structure (see Figure 5-5, "stalling"). 
5.2.2.2 Insertion of the 246-bp 
Palindrome from pPAL43 into ?DRL246 
Plasmid pPAL43 was digested to 
completion with EcoRI fragment containing the 
246-bp palindrome was extracted from an agarose 
gel and then ligated to EcoRI-digested and 
dephosphorylated ADRL246 (see Chapter 2). In 
vitro packaged ? particle were amplified by 
infection of DL733 and plating on BBL agar 
plates. The isolation of one recombinant X phage 
containing the 246-bp palindromic sequence is 
described below. 
)—stalling 	5.2.2.3 Identification of a Recombinant X 
EcoRl site 
Phage Carrying a Palindrome 
PCR across the EcoRl site was used to 
Figure 5-5. Autoradiograph 
showing the DNA sequence 
of the EcoRI insert in 
pPAL43. Primer 594L was 
used for manual sequencing. 
screen for recombinant phage. 10 well-separated 
plaques obtained after in vitro packaging were 
each transferred into 100 tl of phage buffer. After 
2 hours of incubation at room temperature 50 pl of 
each phage suspension were transferred to 4 °C 
(for storage) and the remaining 50 j.tl were boiled 
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for 10 minutes. A standard PCR using primers GENOME I and GENOME 2 was 
used. The PCR programme 26 was as follows: 
Denaturation Annealing Elongation 
Time Temp. Time Temp. Time 
Cycles 
Temp.  
3 mm. 93 1 mm. 55 1 mm. 72 3 
1 mm. 94 30 sec. 55 30 sec. 72 30 
Often plaques selected for this analysis nine produced a 60-bp PCR fragment 
suggestive of ?DRL246 without an insertion in the EcoRl site (see Figure 5-2). One 
plaque produced a smear and several defined bands that migrated more slowly than 
the 60-bp fragment that would have been expected from 7DRL246. This plaque was 
purified by two rounds of growth on DL733 and a plate lysate was prepared from a 
single plaque. Another attempt was made to amplify the insert in this phage by PCR. 
10 .t1 boiled plate lysate were added to a standard PCR reaction mixture containing 
primers GENOME1 and GENOME2. The PCR programme 26 was modified as 
follows: 
Initial Denat. Denaturation Annealing Elongation Final 
Time Temp Time Time Temp. Temp. Time Temp. Time Temp. 
1 mm. 94 1 mm. 94 1 mm. 55 1 mm. 72 5 mm. 72 
1 cycle 30 cycles 1 cycle 
The result of this PCR can be seen in lanes 2 and 4 of Figure 5-6a. Lanes 3 
and 5 show the MboII digest of these PCR products. Despite the palindromic 
character of the EcoRI insert of pPAL43 the 246-bp palindrome contains only a 
single recognition sequence for the restriction endonuclease MboII because the 
MboII site is located at the stem-loop boundary (Figure 5-6b, yellow box). Since 
MboIl cleaves at a site distant from its recognition site (Figure 5-6b, yellow line) an 
MboII digest of the 300-bp PCR product is expected to yield either 130-bp and 170-
bp cleavage products or 126-bp and 174-bp products, depending on the orientation of 
the palindromic sequence in the recombinant X phage. 
26 
 time is given in minutes (mm.) or in seconds (sec.); temperature is given in °C. 
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a) 
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— 	 - 	 4- 124, 123 
1 	2 	3 	4 	5 	6 
b) 
5 'A5TATGGAACTCTTCATATTTAGATGAGGCTGATGAGTTCCATATCT 3' 
3 'TTTATACCTTGAGAAGTATAAATCTTTACTCCGACTACTCAAGGTATAGA 5' 
4 
Figure 5-6. a) Ethidium bromide stained 2 % agarose gel showing PCR products 
amplified from a recombinant phage after attempted cloning of the 246-bp 
palindrome from pPAL43 into the EcoRT site of A.DRL246. PCR primers GENOME1 
and GENOME2 were used. Lanes 3 and 5 show MboH digests of PCR products in 
lanes 2 and 4, respectively. b) Nucleotide sequence of the centre of the 246-bp 
palindrome showing the 24-bp loop region (in grey) flanked by the two palindromic 
regions (green and red). Bases that are unpaired in the hairpin formed by the two 
single stands (see also Figure 5-7) are underlined. The MboIT recognition sequence is 
indicated by the yellow box, the cleavage site is marked by a yellow line. Lanes 1 
and 6 show DNA size marker VI (Boehringer Mannheim). Numbers on the right of 
the gel indicate the size in bp of selected DNA fragments of the size marker. 
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A G 
It can be seen from Figure 5-6a 
120 that 	PCR 	
of the 	candidate 	phage 
T P( yielded the same two products in two 
4. independent 	PCR 	reactions; 	one 
I product of the expected size and a 
ATI  - A-. second 	unexpected 	product 	that 
T ? migrates like a double stranded DNA 
----L c-a fragment of approximately 150 bp. As 
predicted, the 300-bp PCR product is 
/1 \ cleaved by MboII into two fragments 
with a length of approximately 130 bp 
C G I and 170 bp (Figure 5-6a, lanes 3 and 
5). 
The origin of the 1 50-bp 
A T 	 product is uncertain and its position 
i T 140 
	
	remained unchanged after incubation - 
__ 	
with MboII. One possibility is that the 
single strands of the 300-bp PCR 
I 	I product might have folded into a 
Figure 5-7. 
Loop region of the hairpin hairrin structure, thus migrating to a 
structure possibly adopted by the 246-bp location in the gel similar to that 
palindrome in pPAL43. The stippled box expected of a 150-bp double-stranded 
indicates the loss of the MboH 
DNA fragment. Alternatively, the 150-
recognition site. For secondary structure bp PCR product may be generated by 
outline of the entire 246-bp fragment see deletion events during 
in vitro 
Appendix, Figure 4. Annotations indicate anWlification. The immunity of the 
the nucleotide position within the 246-bp 1 50-bp product to cleavage by 
MboH 
fragment. does not exclude either of these two 
possibilities. On one hand, if the 150-
bp fragment is a deletion product, then the MboII site may have been effaced during 
that process. On the other hand, the recognition sequence for Mboll is also lost when 
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a hairpin is formed by either of the two single strands because there is only one 
MboII site in the 300-bp fragment. 
Analysis of potential secondary structures formed by the 246-bp palindrome 
in pPAL43 using a DNA folding programme 27 returned a single structure and 
revealed that the 24-bp spacer is in fact quasi-palindromic (Figure 5-7). The 246-bp 
sequence folds into a hairpin with two 4-bp loops and four mismatched bases (for 
complete hairpin outline see Appendix, Figure 4). Three of those mismatches were 
probably introduced during PCR. The fourth mismatch is contained in the partially 
base paired 24-bp loop region. Since this T-T mismatch destroys the MboII site (see 
stippled box in Figure 5-7) immunity to MboII cleavage of the 150-bp fragment 
could therefore be an indication that a hairpin is formed by the single strands of the 
double stranded 300-bp PCR product. Several restriction enzymes, such as DdeI, 
AluI and OxaI, could be used to analyse the sequence of the 150-bp fragment. 
However, within this study the identity of the 150-bp PCR product was not further 
investigated since the length of the larger PCR product and the length of the DNA 
fragments generated from this product by cleavage with MboII strongly suggest that 
this X phage contains the 246-bp palindrome from pPAL43 as an insertion in the 
EcoRI site. This ? phage was labelled XDRL282. The presence of a palindromic 
sequence in A.DRL282 was subsequently also supported by the inability of this 
recombinant phage to lysogenise an E. co/i recA mutant (see below). XDRL282 has 
been used as a positive control in lysogenisation experiments which shall be 
described in the section below. 
5.2.3 ?DRL280 and kDRL281 Produce Viable Lysogens in 
an E. coli recA Mutant 
Lysogens form by integration of bacteriophage X DNA into the chromosome 
of E. co/i via site-specific recombination at attachment sites (an) in X and in the 
chromosome of the host (Campbell, 1962). If, as in the case of ?SKK43, phage X 
carries an insertion that forms an unusual secondary structure that is recognised and 
27 
DNA mfold. D. Stewart and M. Zuker, Washington University School of Medicine, St. Louis, MO. 
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cleaved by the SbCCD nuclease complex so that a double strand break is generated 
during replication, then recA-deficient cells lysogenic for this phage are inviable 
(Leachet al. 1997). 
Leach et al. (1997) found that ?L phage SKK43 lysogenised wild-type cells at 
a frequency that was similar to a palindrome-free control phage whereas in recA, 
recB and recC deficient strains the lysogenisation frequency of XSKK43 dropped by 
several orders of magnitude compared to the control phage. The same viability assay 
was used here to evaluate the capability of CTG repeat insertions in ADRL280 and 
XDRL28 1 to adopt secondary structures during in vivo replication that are recognised 
and cleaved by SbcCD. XDRL246 and XDRL282 were used as negative and positive 
controls, respectively. 
An isogenic set of E. coli strains derived from ABI 157 (N2361) carrying 
mutations in recA (N2691) or sbcCD (N2364) or recA and sbcCD (N2693) were 
lysogenised with ?DRL280 and ?DRL281 as well as with the two control phages. 
For lysogenisation, 200 p.1 of the appropriate E. coli strain (- 4 x 108  cells mF' ) were 
infected with 200 p.1 of each phage at a multiplicity of 10. 100 p.1 of a 10 - and 100 p.1 
of a 10' dilution were plated on low-salt LB agar plates supplemented with Zeocin 
(25 p.g ml') for selection of lysogens. In the case of XDRL282, 100 p.1 of undiluted 
bacterialphage mixture were plated as well. 
In order to determine the lysogenisation frequency of the recombinant phages 
(number of lysogens/number of viable cells), the viable cell count of each bacterial 
culture was measured by plating 100 p.1 of 10 and 106  dilutions on LB agar plates. 
The results of two independent lysogenisation experiments are shown below (Figure 
5-8). It can be seen from Figure 5-8 that both ?DRL280 and A.DRL281 lysogenised 
tested E. coli strains at frequencies that are similar to that of the parental phage 
XDRL246. In contrast, the palindrome-containing phage ADRL282 confelTed 
inviability to the recA deficient host. Expectedly, this lethality was rescued by a 
secondary mutation in sbcC'D (see recA sbcC'D). The lysogenisation frequencies for 
XDRL278 and ADRL279 were not determined since the (CTG) 25 repeat was not 
expected to behave differently from the (CTG) 43 repeat in this test. 
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wild-tvDe 	 recA 	sbcCD 	recA sbcCD 
Figure 5-8. Effects of recA and sbcCD mutations on lysogenisation frequency of 
ADRL246 (wild-type, grey), ?DRL280 (A.DRL246 with CTG repeat in orientation A, 
red), ?DRL28 1 (DRL246 with CTG repeat in orientation B, green) and ?DRL282 
(DRL246 with 246-bp palindrome, black). Lysogenisation was carried out as 
described in the text (see also Chapter 2). The strains used were AB1 157-derivatives 
N2361, N2364, N2691 and 2693 (see Chapter 2, Table 2-2). 
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5.3 Summary and Discussion 
This study shows that, in contrast to sbcCD-proficient cells that are lysogenic 
for ?DRL282, colony formation by sbcCD-proficient cells lysogenic for either 
XDRL280 or XDRL28 1 does not require functional RecA protein. This indicates that 
chromosomal insertions of the two orientations of (CTG) 43 are not sites of 
chromosome breakage in E. co/i. There are at least four possible explanations for this 
observation. 
First, (CTG) 43 does not form a secondary structure in vivo. Second, (CTG)43 
does form a secondary structure, but of a kind that is not recognised and/or cleaved 
by SbcCD, or by any other cellular factor. It is interesting to note here that Connelly 
et al. (1999) have recently shown that a hairpin formed by a (CTG) 16-GC clamp is 
cleaved adjacent to the loop by SbcCD in vitro, just like hairpins formed by 
palindromic DNA (Connelly and Leach, 1996; Connelly et al. 1998). This suggests 
that SbCCD would recognise and cleave the mismatched hairpin formed by a single 
stranded CTG repeat in vivo. However, cleavage of a CAG hairpin by SbcCD has not 
yet been tested. Third, (CTG) 43  does form a secondary structure that would be 
recognised by SbcCD, but it does not persist long enough in order to be recognised 
and/or cleaved by SbcCD. This explanation is justified since Connelly et al. (1999) 
have found that hairpin structures with stems that are only 16 bp long are recognised 
and cleaved by SbCCD in vitro while only much longer palindromes (above 100 to 
150 bp) cause problems during replication in vivo. This strongly suggests that 
cleavage of hairpin structures by SbCCD in vivo may be determined not only by the 
size of the hairpin, but also by its persistence. Fourth, (CTG) 43 does form a secondary 
structure that is recognised and cleaved by SbcCD, but the frequency of stable 
structure formation is so low that this does not stop colony formation. 
The newly constructed phages ?DRL278, ?DRL279, 7DRL280 and 
?DRL281 facilitate the site-specific insertion CTG repeats from pDL913 and 
pDL915 into the chromosome of E. coli. They provide an opportunity for extending 
our knowledge of CTG repeat instability in E. co/i which until now has exclusively 
been gathered from the study of CTG repeats in high-copy number plasmids. The 
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development of a PCR-free method that allows to measure the length of CTG repeats 
in the E. coli chromosome has also been developed and is described in the next 
chapter. 
In humans the only site of chromosome breakage that has been linked to a 
trmucleotide repeat is an expanded CGG repeat in the CBL2 gene associated with 
Jacobsen syndrome (Jones et al. 1995). More recently, Freudenreich et al. (1998) 
have shown that in yeast long CTG repeats are sites at or near which DSB occur. In 
their assay, a CTG repeat tract and the URA3 gene were inserted between two direct 
repeats, so that, if recombination between the two direct repeats was stimulated by 
chromosome breakage at the CTG repeat sequence, the intervening sequence 
including URA3 and the CTG repeat would be lost. Due to the loss of URA3 
recombinants could be identified as cells that are resistant to 5-FOA. Using this assay 
the authors observed a 9-fold increase in the number of 5-FOA-resistant colonies for 
(CTG) 130 and a 53-fold increase for (CTG) 250  suggesting that chromosome breakage 
in yeast is stimulated by CTG repeats and that it is length-dependent. Furthermore, 
the decrease in the number of 5-FOA-resistant colonies formed by cells that lack 
genes involved in DSB repair (RAD52, RAD1) argued that 5-FOA-resistant colonies 
normally arise as a consequence of DSB repair, and mainly by the single-strand 
annealing pathway. The authors proposed that these DSBs result from breakage of 
replication forks that have stalled during replication of the long CTG repeat tracts. 
This would be a plausible explanation of the length-dependence of CTG-repeat 
mediated recombination in these cells. 
That no effect of a recA mutation was observed on the viability of E. co/i 
cells with chromosomal insertions of (CTG) 43 therefore strongly suggests that the 
CTG repeat tract used here was too short for causing DSB by either endonucleolytic 
cleavage or stalling of the replication fork. The construction of chromosomal 
insertions of longer CTG repeat tracts 28  isolated from HD patients has therefore been 
initiated. 
28  (CTG) 79 and (C1'G) 132 (gift from J. Nasir,  , Molecular Medical Centre, Western General Hospital, Edinburgh, 
Scotland). 
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Although the palindromic sequence in XDRL282 contains three mismatches 
that have probably been introduced during the cloning procedure it has been shown 
in this chapter that this does not affect the lethality habitually conferred by this 
palindrome on recA-deficient hosts. Since ADRL282 also contains a gene that 
confers resistance to the rarely used antibiotic drug Zeocin, ?DRL282 has recently 
been used as a tool in a study of recombinational pathways at palindromic sites since 
this required lysogenisation of recombination mutants that are resistant to the wide 
range of commonly used antibiotic drugs (Cromie et al. submitted). 
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CHAPTER 6 
f-TRAMP: Fluorescent Trinucleotide DNA 
Amplification 
6.1 Introduction 
The measurement of the length of trinucleotide repeats is facilitated when 
high copy-number plasmids such as pUC-based vectors are used for their 
propagation because large amounts of plasmid DNA can be extracted from hosts 
making amplification of the DNA fragment of interest prior to analysis dispensable. 
The fragments containing the trinucleotide repeats can simply be mobilised from the 
plasmid DNA by cleavage with restriction endonucleases and the exact number of 
trinucleotides can be determined by separation of these restriction fragments in 
agarose or polyacrylamide gels. Since there is no in vitro amplification involved, 
results of this procedure closely reflect the in vivo situation. This approach was used 
for the study of CTG repeat instability in E. co/i mutants which was presented in 
Chapters 3 and 4. A disadvantage of this system is that desired restriction sites 
flanking the trinucleotide repeat had to be created and that the method is restricted to 
use with high copy number plasmid-based systems. It cannot be used for the study of 
CTG repeats that have been inserted into the chromosome of E. co/i. 
Currently used methods for the measurement of the length of trinucleotide 
repeats that are not on high-copy number plasmids often require amplification of the 
trinucleotide repeat array by PCR prior to sizing by gel electrophoresis. Due to the 
repetitive nature of the template, such PCR-based methods can be plagued with in 
vitro artefacts, mostly due to intrastrand mispairing. Exponential amplification of 
such artefacts during the PCR reaction leads to stutter bands and thus to uncertainty 
as to the exact number of repeat units. PCR artefacts hamper analysis especially 
when the trinucleotide repeat is unstable in vivo [e.g. (CTG) 43 ] because then the 
expected variation in repeat array length due to the instability in vivo is 
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indistinguishable from the additional repeat length variation that may have been 
generated in vitro. Lastly, the requirement for a matching primer pair leaves usually 
little choice regarding the length of the PCR product and the sequence of the primer. 
Here, the development of an assay was attempted that would permit 
amplification and length measurement of trinucleotide repeats, and any other DNA 
sequence that has at least one nucleotide missing, in plasmids and in the chromosome 
of E. coli without the need for restriction sites, radioactive labels and amplification 
by PCR. This assay is based on an idea of Yamamoto et al. (1992) who used only 
three of the four dNTPs in a single round of primer extension to radioactively label 
CAG repeats which had been amplified by PCR from the human AR gene. The 
method that has been developed here has been termed f-TRAIVIP (fluorescent 
TRinucleotide AMPlification). 
6.2 Results 
6.2.1 The Principle off-TRAMP 
A thermostable DNA polymerase is used to extend a single fluorescently 
labeled oligonucleotide in repeated cycles of DNA melting, primer annealing and 
primer extension. Primer extension in each cycle is automatically terminated by the 
absence in the reaction mixture of the nucleotide which is not required for the 
amplification. Importantly, because of the single primer in the reaction mixture, 
products of one cycle cannot be used as templates in the next round of amplification. 
Hence, every cycle of amplification demands the original template and errors 
introduced into the sequence by polymerase slippage during in vitro amplification do 
not give rise to artificial repeat populations that are commonly reported after 
amplification of trinucleotide repeats by PCR (Rubinsztein et al. 1996). This 
principle is outlined again in Figure 6-1. It shows that, for example, copying of a 
CAG repeat requires only dCTP, dGTP and dTTP and that primer extension is 
terminated at the first dTTP (T) when dATP is required but not present in the reaction 
mixture (Figure 6-1a). Optionally, ddATP (A) can be added to the reaction mixture as 
a fourth nucleotide in order to guarantee chain termination (Figure 6-1b). 
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chain termination due to the absence of one dNTP 
GCATCTTGGGAGCATCTTTGJ i 	 - 
3, 	 11111 	3 	I 	III 	I 	I 	III 	I I 1311311 	III 	I 	3113
S. 
GGAAAAGATCGGAAGAAGTTCGTAGAACCCTCGTAGAAACGACGACGAC (GAC) GACGACTCTACT 
chain termination due to the presence of one ddNTP 
GCATCTTGGGAGCATCTTTGcTO-CTGCTG (CTG) CTGCTGA 
3 	 IIIIIIIIIIIIlIIIlIlIIIlIlllII 	III 	1111111 	5. 
GGAAAAGATCGGAAGAAGTTCGTAGAACCCTCGTAGAAACGACGACGAC (GAC) ,GACGACTCTACT 
Figure 6-1. The principle of f-TRAMP. A fluorescently labelled primer, 12049 
(green), anneals to the first 20 nucleotides flanking the trinucleotide repeat. Template 
DNA is shown in blue letters. Extension of this primer is automatically terminated 
due to (a) the absence of the fourth nucleotide (here dATP) from the reaction mixture 
or (b) the incorporation of a ddNTP (here ddATP). Red letters indicate newly 
synthesised DNA, bold letters indicate the sites of chain termination. 
In contrast to the method used by Yamamoto et al. (1992), ermr-prone PCR 
has been eliminated from the labelling process thereby increasing the confidence in 
the sizing of trinucleotide repeats in the population. In addition, the fluorescently 
labelled primer allows the rapid analysis on an automated DNA sequencer as well as 
automated quantification and sizing of amplified products [GeneScanTm analysis 
software (Perkin Elmer)]. The first of the following two sections describes the 
optimisation of the f-TRAMP reaction mixture and amplification conditions using 
plasmid-borne CTG repeats while in the second section the application of the method 
to the amplification and sizing of CTG repeats carried on the chromosome of E. coli 
is described. 
6.2.2 Optimisation off-TRAMP on Plasmid-Borne CTG Repeats 
f-TRAMP was developed initially using the plasmid-borne (CTG) 43 repeats in 
pDL915 and pDL915R because of the thousand-fold higher repeat copy number in 
this system. In the initial phase of this project, a conventional PCR machine (Hybaid) 
without a heated lid was used for the primer extension reaction. GeneScanTm data 
were collected and analysed at the MRC Human Genetic Unit at the Western General 
Hospital in Edinburgh on an ABI PrismTm DNA Sequencer 373. 
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A typical 50-p1 reaction mixture was composed of following ingredients: 
500 ng to 1 tg of purified pDL915 (or pDL915R), 2 U of Taq-Polymerase 29, 1 x 
PCR-buffer as supplied by the manufacturer, 50 tM - 200 .tM of each required 
nucleotide (i.e. dCTP, dTTP and dGTP for amplification of a CTG repeat), 100 p.M 
of ddATP (Boehringer Mannheim) and 20 pmole of FAM- or HEX-labeled primer 
T2049 (OSWEL DNA Service). Primer extension without chain terminating ddATP 
was also successful. Taq-Polymerase was added after the initial 5 minutes of heat-
denaturation at 94 °C. The following cycling conditions (time shown in seconds) 
regularly generated a main product of 150 nucleotides, the size expected from a 20-
nucleotide primer that was extended by (CTG) 43, and additional minor products 
likely to present in vivo products of expansion and deletion of (CTG) 43 . 
Initial Denat. Denaturation Annealing Elongation Final Elong. 
Time Temp Time Temp Time Temp Time Temp Time 
5 
f Temp 
72 5 94 1 94 1 57 1 72 
1 cycle 30 cycles 1 cycle 
Products of this amplification are shown in Figure 6-2. The black GeneScan 
trace represents the products amplified from pDL915 (a) and pDLpDL915R (b) and 
the grey peaks are internal lane standard peaks [GeneScanTM-2500-ROX (Perkin 
Elmer)] that are necessary for sizing the products (The internal lane standard 
contains PstI restriction fragments of phage ?. DNA which have been ligated to 
ROX-labelled 22-mer oligonucleotides.) The peak labelled "150" represents the 
dominating population of d(CTG)43  in both plasmid mixtures (150 = 43 repeat units 
x 3 nucleotides + 20-nucleotide primer). The trace clearly shows other significant 
peaks ranging from (CTG) 32 to (CTG)53 representing products of in vivo deletion and 
expansion. For comparison, Figure 6-2c shows the analysis of the same plasmid 
populations using the conventional biochemical assay described in Chapters 3 and 4 
which involves labelling EcoRI restriction fragments with a 35S-dATP. 
29Taq-Polymerase from a variety of suppliers was used. No differences have been noted so far. 
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116 	150 172 
116 	150 172 
Figure 6-2. GeneScan - traces showing analysis of the CTG repeat length in 
pDL915 (a) and pDL915R (b) byf-TRAMP. Plasmid DNA was isolated from E. coli 
strain DL887 (recA). HEX-labelled primer extension products are indicated by green 
lines and numbers, peaks of the internal lane standard GeneScan-2500 ROX are 
labeled with red lines and numbers. Numbers on the abscissa indicate the fragment 
length in base pairs, fragments were sized automatically using GeneScanTm analysis 
software version 2.0.2. Note that the major primer extension product is at 150 
nucleotides (43 x 3 nucleotides + 20-nucleotide primer). c) for comparison, pDL915 
(orientation A) and pDL915R (orientation B) populations were analysed using the 
conventional radioactive assay described in Chapter 2 which involves labelling of 
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EcoRJ restriction fragments with cz35 S-dATP. Numbers on the right of the gel 
indicate the number of trinucleotides in selected EcoRl-fragments. 
Although radioactive labelling of restriction fragments appears more sensitive 
(also because of the possibility to expose the gel to the phosphor storage screen for 
any desired length of time) it can be seen from Figure 6-2 that important features of 
the two plasmid populations can be detected using either method. Most importantly, 
all significant signals are 3 nucleotides apart - exactly one repeat unit and the typical 
6-nucleotide gap surrounding (CTG) 43  in plasmid populations isolated from 
mismatch-repair proficient E. coli strains is clearly visible. Like the conventional 
radioactive method, f-TRAMP identified (CTG) 45 as the strongest subpopulation in 
orientation A. 
The deletion patterns seen on the Phosphorlmage in Figure 6-2 are reasonably 
reproduced byf-TRAMP. For example, both methods identify (CTG) 41 and (CTG) 38 
as the strongest contracted repeat populations in orientation B, and both methods 
show that in orientation A the strength of contracted subpopulations gradually 
descends from (CTG) 41  However, other features are not correctly reproduced by f-
TRAMP, and they concern the expanded subpopulations in both orientations. For 
example, the Phosphorlmage shows that in orientation B (CTG)45 is more intensive 
than (CTG) 46 , yetf-TRAMP shows it reversed. Similarly, in orientation A (CTG) 47 is 
stronger than (CTG) 46  on the Phosphorlmage, yet f-TRAMP shows it the other way 
around. Variability of the peak height between analyses of the same DNA. sample has 
not been eliminated yet and the reason for the discrepancies in the expansion patterns 
has remained unclear. Further optimisation is therefore needed before f-TRAMP can 
be used for purposes other than sizing of plasmid-borne trinucleotide repeat arrays, 
e.g. quantification of subpopulations. 
6.2.3 Length Measurement of Chromosomal Insertions of (CTG) 
6.2.3.1 Strategy 
DL324 (wild-type) and DL902 (mutS) were lysogenised with XDRL280 and 
?DRL28 1. For each 2 phage construct and each host, five lysogens were picked and 
streaked out on LB plates (10 tg nif' Zeocin) using a toothpick. These 20 isolates 
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were then restreaked for ten days to introduce some repeat length variation. On the 
tenth day a single colony was picked from each of the 20 lysogens and diluted into 5 
ml of L broth. After overnight cultivation at 37 °C genomic DNA was isolated from 
the entire 5-ml culture using a Genomic DNA Kit (AGTG®). DNA was precipitated 
with isopropanol at room temperature and washed twice in 70 % ethanol before the 
pellet was resuspended in 50 .tl of 10 mM Tris-buffer. The DNA was stored at —70 
°C. If genomic DNA was not prepared immediately then the cell pellet was stored 
frozen at —70 °C until required. First, CTG repeats were amplified by PCR from 
genomic DNA prepared from DL324. The same genomic DNA was then used to 
amplify and size CTG repeats byf-TRAMP. In addition CTG repeats in the genomic 
DNA of mutS-deficient lysogens were sized by f-TRAMP. 
At this point a Rapidcycler (Idaho Technology) became available. With this 
cycler more than one hundred cycles per hour can be carried out. It was there fore 
chosen for the linear amplification of genomic CTG repeats. However, since this 
cycler uses glass capillaries as reaction containers, high velocity air as a heating and 
cooling medium and requires the use of special reaction buffers, changes in the 
composition of the reaction mixture and changes in the amplification programme 
were needed. : 
6.2.3.2 Amplification of CTG Repeats by PCR 
All reaction buffers used with the Rapidcycler are K-free and reaction 
mixtures contain BSA (500 pg mf') to prevent denaturation of the polymerase on the 
surface of the glass capillary. Conveniently, the Bio/OptimiserTm Kit for Rapidcycler 
provides appropriate reaction buffers with Mg 2 concentrations ranging from 1 mM 
to 5 mM. Using this buffer system it was found that CTG repeat amplification by 
PCR from plasmid DNA, ?. phage and genomic DNA worked in a wide range of 
conditions. 
Usually, 4 to 10 pmole of each PCR primer, 1 x reaction buffer 1769 
(Bio/Gene Ltd.), 0.8 U of Taq-Polymerase GOLD 3° (Bio/Gene) and 200 iM of each 
dNTP were used in 10-j.tl reactions that contained 100 pg of plasmid DNA. If the 
° Taq-Polymerase from a variety of suppliers gave equivalent results. 
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CTG repeat was amplified from phage lysate, DNA was prepared by boiling 20 j.tl of 
lysate with 30 pA of 10 mM Tris-buffer for 10 minutes. After centrifugation at 15 
krpm for 10 minutes 1 jil of the supernatant was used in the 10-j.i1 PCR reaction. For 
amplification from genomic DNA approximately 100 ng to 150 ng of DNA were 
used in I 0-pA reactions. Typical cycling conditions are listed in Table 6-1. 
Table 6-1. Cycling conditions for the amplification of (CTG) 43 repeats by PCR using 
a Rapidcycler. Times are shown in seconds and temperatures are in °C. Usually, 30 
cycles were performed. For genomic DNA an initial denaturation step of 1 minute at 
94 °C and a final elongation step of 1 minute at 72 °C were added. 
Type of template Denaturation Annealing Elongation 
Time Temp. Time Temp. Time Temp. 
Plasmid DNA 0 94 0 55 15-20 72 
X phage lysate 1 94 0 55 20 72 
Genomic E. coli 2 94 0 55 20 72 
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182/194 —* 
123/124 
Figure 6-3. Ethidium bromide stained 2 % agarose gel showing the amplification by 
PCR of the (CTG) 43  repeat on the chromosome of wild-type E. coli using primers 
GENOMEI and GENOME2. Lanes 1 to 5 show PCR products amplified from 
lysogens with the CTG repeat in orientation B, lanes 6-10 show PCR products 
obtained from lysogens with the CTG repeat in orientation A. Lane M contains 
DNA size marker V (Boehringer Mannheim), lane C contains a control reaction that 
was run without DNA. 
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It can be seen from Figure 6-3 that each sample contains a PCR fragment expected 
from a chromosomal insertion of (CTG) 43 . Additional PCR fragments are amplified 
from samples 1, 2 (orientation B) and 10 (orientation A). It is estimated that 
additional PCR fragments in sample 1 may have deletions of 10 and 5 
trinucleotides. Sample 2 has a deletion of approximately 30 trinucleotides, while 
sample 10 may have an expansion of more than 10 trinucleotides. f-TRAMP was 
used in an attempt to size the CTG repeats in all ten DNA samples more accurately. 
6.2.3.3 Amplification of CTG Repeats by f-TRAMP 
f-TRAMP was carried out in 10-.tl glass capillaries. Typical 10-.tl reactions 
contained 3 tl (- 500 ng p1') of bacterial genomic DNA, 1 x Bio/Gene reaction 
buffer containing 2-4 mM Mg 2  (Bio/Gene Ltd.), 200 .tM of each dNTP except 
dATP, 7 pmole HEX-labelled primer T2049, 2.5 U Taq-Polymerase (Boehringer 
Mannheim). Optimal cycling conditions 3 ' for primer extension were found to be as 
follows: 
Initial Denat. Denaturation Annealing Elongation Cycles 
Time Temp. Ie Temp. Time Temp. Time Temp. 50 
1 mm. 94 5 sec. 94 0 sec. 50 20 sec. 72 
In order to preserve all potential primer extension products, samples were not 
purified after the programme had been completed. Instead, 2 .tl were taken directly 
from each 10-j.tl sample and mixed with 0.5 j.tl (4 nM) of internal lane standard 
(GeneScan2500TNl ROX / Perkin Elmer), I j.tl of deionized formamide and 1 p1 of 
Dextran loading buffer which was supplied by the manufacturer of the internal lane 
standard (Perkin Elmer). Samples were boiled for 2 minutes and analysed on an ABI 
PrismTM 377 DNA Sequencer (Perkin Elmer). The gels used were 6 % denaturing 
polyacrylamide gels with a well-to-read distance of 12 cm. Gels were run at 150 W 
(3000 V, 50 mA) at a temperature of 50 °C to 51 °C. Data were collected for 1.5 to 
31 
time is shown in minutes (mm.) or in seconds (sec.) 
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1.8 hours using GeneScanmt  Collection software. Gel images were built using 
GeneScanTm Analysis software version 2.0.2. 
A section of a gel image is presented in Figure 6-4. The green bands indicate 
HEX-labelled primer extension products which differ in length due to differences in 
the number of CTG trinucleotides. Red bands are ROX-labelled DNA fragments of 
the internal lane standard GENESCAN-2500TM ROX. 
1 	2 	3 	4 	5 	6 	7 	89101 
4 	222 
4 
4--- 153 (44) 
4- 150 (43) 
4- 135 (38) 





Figure 6-4. Section of GeneScahTm gel image showing primer extension products 
(fluorescent green) amplified using f-TRAMP from genomic DNA of DL324 
lysogenised with A.DRL280 (CTG repeat in orientation A) or 7DRL28 1 (CTG repeat 
in orientation B). Bands of the internal lane standard GENESCAN-2500 ROX are 
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shown in fluorescent red. Numbers on the right of the gel image indicate the number 
of CTG trinucleotides in selected primer extension products. See text for details of 
experimental procedure. 
Automated sizing of the primer extension products using the mternal lane 
standard revealed that the major primer extension products that are visible in all lanes 
have a length of either 150 nucleotides or 153 nucleotides. A length of 150 
nucleotides is consistent with the length of the main DNA fragment amplified byf-
TRAMP from pDL915 and pDL915R, which are known to contain 43 trinucleotides. 
Only samples I and 2 appear to contain this repeat length. Moreover, at least one 
additional primer extension product is detectable in most samples (Table 6-2). Sizing 
of these DNA fragments revealed that the two large deletions in sample I contain 18 
and 34 trinucleotides. The small PCR product seen in sample 2 (Figure 6-4) could 
not be sized since it is located in the region of the gel that is obscured by primer 
artefacts that are present in unpurified samples. Samples 4 and 5 show two small 
deletions (-6). It was determined that the large expansion in sample 10 (orientation 
A) contains 62 trinucleotides, an expansion by 18 trinucleotides. Table 6-2 lists all 
DNA fragments that were identified by GeneScan analysis, including those 
fragments that are not visible on the gel image. 
Table 6-2. Length analysis of CTG repeats inserted into the chromosome of DL324 
using f-TRAMP. Lane numbers relate to the gel image shown in Figure 6-3. 
Automatic fragment sizing was carried out using GeneScanTM  software. Orientation 
A: CTG on the leading strand; orientation B: CTG on the lagging strand during 
X-replication when lysogenised. 
Orientation Lane Major Repeat Length Minor Lengths Change 
A 6 44 42,47 -2,+3 
A 7 44 47 +3 
A 8 44 47 +3 
A 9 44 42 -2 
A 1 	10 1 	44 47,62 +3,+18 
B 1 43 18. 34, 44 -25, -9, +1 
B 2 43 none detected 0 
B 3 44 none detected 0 
B 4 44 38 -6 
B 5 44 38 -6 
252 
Chapter 6 f-TRAMP: Fluorescent Trinucleotide DNA Amplification 
The right-most column of Table 6-2 shows the difference (+1-) between minor 
bands and the main band in each sample. No additional bands were detected in 
samples 2 and 3. There may be an indication in Table 6-2 that the distribution of 
deletions and expansions between orientation A and B is not random indicating 
orientation-dependence of CTG repeat instability on the chromosome of E. co/i. As 
previously observed for the plasmid-based system, the CTG repeat on the lagging 
strand tends to delete whereas the CTG repeat on the leading strand tends to expand. 
However, repeat length analysis after cultivation of single lysogens for several days 
will be required in order to substantiate this tendency. 
An additional eight lysogens, five carrying the CTG repeat in orientation B 
and three carrying the CTG repeat in orientation A, were analysed from DL902 
(mutS). The gel image is shown in Figure 6-5. Automated sizing showed that the 
main bands contain between 42 to 44 CTG trinucleotides. Numerous minor bands 
were detected as well. They are listed in Table 6-3. Variability in repeat length is 
high in the mutS mutants, but in contrast to wild-type E. coli no large changes seem 
to have occurred. Table 6-3 shows that in fact all CTG repeat lengths can be 
explained by insertions or deletions of one or three trinucleotides. 
Table 6-3. Length analysis of CTG repeats inserted into the chromosome of DL902 
(mutS) using f-TRAMP. Lane numbers relate to the gel image shown in Figure 6-5. 
Automatic fragment sizing was carried out using GeneScanTm software. Orientation 
A: CTG on the leading strand; orientation B: CTG on the lagging strand during 
?.-replication when lysogenised. 
Orientation Lane Major Repeat Length Minor Lengths Change 
A 6 44 43,46, 47 
A 7 44 43,47 
A 8 43 42, 44, 46 
B 1 44 47 +3 
B 2 43 42, 45, 46 -1,+3 
B 3 44 45,47,48 +3 
B 4 43 none detected 0 
B 5 43 46 +3 
253 










Figure 6-5. Section of GeneScanTm gel image showing primer extension products 
(fluorescent green) amplified using f-TRAMP from genomic DNA of DL902 
lysogenised with DRL280 (orientation A) or DRL281 (orientation B). Bands of the 
internal lane standard GENESCAN25OOTM  ROX are shown in fluorescent red. 
Numbers on the right of the gel image indicate the length of the single-stranded DNA 
fragment in selected primer extension products showing the number of CTG 
trinucleotides in brackets. See text for details of experimental procedure. 
6.3 Summary and Discussion 
This chapter describes f-TRAMP, a rapid method for accurate amplification 
and sizing of DNA sequences lacking one (or more) of the dNTPs. The method has 
been employed for the length analysis of CTG repeats derived from the mouse 
metallothionein Ill (Mt3) gene and cloned into pUC18 and the E. coli chromosome. 
In future f-TRAMP will be used to analyse chromosomal trinucleotide repeat 
instability as it develops over a period of time in any E. coli mutant. The method can 
be adjusted to use with any trinucleotide repeat sequence simply by varying the 
sequence of the fluorescently labelled primer. 
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The presence of numerous minor bands on the gel image obtained from the 
mutS-deficient strain (Figure 6-5) could indicate greater instability of the CTG repeat 
in the MMR-deficient strain compared to wild-type E. coli. As can be seen from 
Table 6-3, in the mutS mutant minor bands are always by one or three repeat units 
longer (or shorter) than the main bands. This is in contrast to the mainly large 
expansions and deletions seen in wild-type E. coli. A possible interpretation of the 
results is that in the absence of MutS the CTG repeat always expands and contracts 
by loosing or gaining an odd number of trinucleotides (1 or 3 trinucleotides) while in 
wild-type E. coli large changes in repeat length are preferred. This may reflect the 
observation made previously in the plasmid-based system that functional MMR 
promotes large contractions. It will be interesting now to find out if large expansions 
as seen in sample 10 (Figure 6-3) are also promoted by functional MMR and how 
mutations in other DNA repair genes affect chromosomal CTG repeat stability. 
It is unlikely that minor bands were generated by amplification beyond the 
CTG repeat tract since there are four potential termination sites before an additional 
three trinucleotides would have been added. However, the possibility of a highly 
reproducible in vitro artefact cannot be excluded at this point because of the small 
number of samples that have so far been analysed by f-TRAMP. However, since ? 
phage was used to integrate the trinucleotide repeats into the chromosome it is 
possible that both mono- and dilysogens were generated resulting in a number of 
lysogens with more than one chromosomal CTG repeat. This could be responsible 
for some of the variation in the samples and will have to be investigated further. 
Attempts have been made to use f-TRAMP for the sizing of trinucleotide 
repeats in mouse and human genomic DNA. Although these efforts have so far been 
fruitless, further optimisation off-TRAMP on chromosomal DNA of E. coli using 
the Rapidcycler may provide the edge. In addition to measuring the length of 
unstable repetitive sequences, f-TRAMP could then also be used to detect the 
position of imperfections in human trinucleotide repeat tracts. For example, the 
ability of unstable triplet repeats in a number of hereditary human neurological 
diseases, including fragile X syndrome and SCA1, is not only determined by its 
length but also by its perfection which is why it is interesting to detect, for example, 
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an AGG interruption within a CGG repeat (fragile X syndrome). This could be 
achieved by using dCTP, dGTP and ddTTP in the reaction. Incorporation of ddTTP, 
or absence of dTTP, would prematurely terminate the primer extension reaction and 
the length of the product would tell the position of the first interruption within the 
repeat. Another such example is the SCA1 gene. In normal alleles the CTG repeat is 
interrupted by one or two ATG triplets but uninterrupted in disease alleles. Again, a 
reaction mixture that only contains dCTP, dGTP, dATP would lead to chain 
termination at the interruption giving away the position of the first interruption. So 
far f-TRAMP has not been successful on mouse or human genomic DNA. However, 
it is encouraging that despite a 1000-fold decrease in copy number per microgram of 
DNA, the intensity of signals from the chromosome of E. coli was only about 10-fold 
lower than the intensity of those obtained from plasmid DNA. Moreover 10-fold 
dilutions of chromosomal template DNA have been found to give detectable signals 
on the gel image. The fluorescent signal may be boosted further by incorporating a 
number of fluorescently labelled nucleotides during primer extension, such as 
[F]dCTP (Perkin Elmer Applied Biosystems) instead of using a single label attached 
to the primer. 
Alternatively to f-TRAMP, a TwoStepTM Direct Blotting Sequencer (Hoefer 
Pharmacia Biotech Inc.) which separates and blots DNA fragments in a single step, 
could be used to size chromosomal trinucleotide repeats. The future application of 
this method to this project could be as follows: EcoRI digested genomic DNA is 
isolated from an E. co/i strain lysogenised with ?DRL280 or ADRL28 1. The EcoRI 
digested genomic DNA is separated on a TwoStepTM blotter and directly transferred 
onto a nylon membrane that is moving across the bottom of the gel binding the DNA 
fragments as they migrate off the bottom of the gel. The radioactively- or DIG-
labelled CTG repeat from pDL915 is subsequently used in Southern hybridisation to 
visualise the chromosomal EcoRI fragments with CTG trinucleotides. After 
autoradiography or exposure of the membrane to a phosphor storage screen, images 
similar to the Phosphorlmages shown in Chapters 3 and 4 could be obtained and 




7.1 Summary of Present Study 
A plasmid-based system and a biochemical assay were used to investigate the 
expansion and contraction of (CTG) 43 in E. coli. From the study it was learnt that: 
• 1. 	Instability of the repeat depends on the orientation of the repeat with respect 
to the origin of replication. The repeat tends to contract more when the CTG 
sequence serves as the lagging strand template than when the CTG repeat 
serves as the leading strand template. 
2. 	Repeat length changes involving at least 3 bp, 6 bp and 9 bp occur in vivo. 
Expansions and contractions of 3 bp are normally prevented by MMR 
indicating that slippages of 3 bp are replication-dependent. 
3. 	Assuming the higher frequency of 3-bp expansions in orientation. A is due to 
contraction of (CTG)45 by one repeat unit then: 
the frequency of 3-bp loops is higher on the template strand than on 
the newly synthesised strand 
the frequency of 3-bp loops on the template strand and on the newly 
synthesised strand is orientation-independent. 
4. 	Depending on the orientation of the repeat, MMR has both stabilising and 
destabilising effects on the CTG repeat stability. By preventing 3-hp 
expansions and contractions, MMR globally stabilises a (CTG) 43 repeat if the 
CTG sequence is on the leading strand. An additional destabilising effect of 
MMR was observed which primarily affects orientation B, i.e. if the CTG 
repeat sequence is on the lagging strand template. A model has been proposed 
in Chapter 3 which shows how MMR may promote large deletions during 
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repair of 3-bp loops if the sequence on the single stranded template strand is 
capable of forming a secondary structure that is bypassed by repair DNA 
synthesis. 
Based on in vitro experiments which indicate that a CTG repeat may form 
secondary structures more readily and/or of higher stability (Gacy et al. 
1995; Petruska et al. 1996; Smith et al. 1995) than a CAG repeat, it was 
proposed that MMR-promoted CTG repeat contraction occurs on the lagging 
strand. 
Assuming that MMR does not have a preference for repair of leading or 
lagging strand the results of the present study imply that MMR substrates (3-
bp slippages) arise mainly during lagging replication regardless of repeat 
orientation. Discontinuous replication of the lagging strand, as opposed to 
continuous leading strand replication, has been shown to cause large 
secondary-structure dependent deletions (see Chapter 3) and may also 
promote small slippages. Viewed on their own, however, the results of this 
study are also consistent with MMR-promoted repeat contraction that is 
caused by secondary structure formation of the CAG repeat on the leading 
strand template. 
MMR-promoted CTG repeat contraction contributes to orientation-dependent 
CTG repeat instability in wild-type E. coli. 
Neither RecA nor the SbcCD nuclease complex which recognises and cleaves 
hairpins formed by palindromic sequences in vitro and in vivo has a major 
effect on the stability of the plasmid-borne (CTG) 43 repeat under the 
conditions used. Interpretations of this observation have been presented in 
Chapter 4. 
Induction of transcription by supplementation of the culture medium with 1 
mM IPTG does not affect (CTG) 43 stability. 
The recG gene has been identified to be a novel factor affecting (CTG) 43 
repeat stability in E. coli. In the absence of RecG, the CTG repeat has been 
shown to contract in an orientation-dependent manner. Experiments have 
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been suggested in Chapter 4 that could help ideRtify the RecG-pathway which 
affects CTG repeat stability. 
Due to limitations of a high-copy number plasmid-based system [e.g. 
oversaturation of pathways of limited capacity (SbcCD), plasmid 
multimerisation and selection, replication mode] CTG repeats were also 
inserted into the chromosome of E. coli to continue the study of viability and 
stability in more defined conditions. Unlike palindromic sequences, 
chromosomal insertions of (CTG) 43 do not stop colony formation in a recA 
mutant suggesting that the pseudo-palindromic (CTG) 43 repeat is not 
frequently recognised/cleaved by SbcCD or any other cellular factor that 
introduces a DSB (Chapter 5). 
A PCR-free assay has been devised for the analysis of trinucleotide repeat 
instability on the chromosome of E. coli (Chapter 6). 
Although CTG trinucleotide repeat instability in E. coli is highly complex 
and interpretation of data is far from being straightforward, the detailed knowledge 
of DNA metabolic pathways in E. coli and simple biochemical assays may allow us 
to quickly identify novel cellular factors that affect trmucleotide repeat stability in 
vivo so that analogous eukaryotic factors can then be studied in detail. The 
conservation throughout evolution of DNA repair pathways such as MMR has often 
before allowed application of what has been learned in E. coli to higher organisms 
and so advanced the knowledge of how eukaryotic organisms work. 
As far as trinucleotide repeat instability is concerned, investigations in E. coli 
are encumbered by the fact that the replication and repair machineries of E. coli have 
not evolved to cope with long microsatellites. That trinucleotide repeats tend to 
delete in E. coli whereas they remain long and get longer in humans is just one 
representation of that fact. Basic aspects of trinucleotide repeat instability, however, 
have successfully been studied in lower organisms, and surely there are important 
factors whose effects on trinucleotide repeat stability still wait to be discovered, also 
in E. coli. On the other hand influences on trinucleotide repeat expansion have been 
discovered in humans and/or transgenic mice that clearly put limitations to what we 
can ultimately learn from E. coli, and maybe even yeast. These include sex-biased 
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expansion that appears to be limited to certain &velopmental stages such as 
gametogenesis and/or early embryogenesis, tissue-specific mitotic instability and 
possibly effects of meiotic recombination and genome organisation, some of which 
have been discussed in Chapter 1. 
Over the past 10 years more than 7000 papers have been published that 
mention TREDs, another 1300 on mismatch repair and 1300 on trinucleotide repeats, 
and further 6000 on microsatellites, of which more than 1000 report on their 
instability. Hence this thesis represents only a small selection of what has been 
studied, found and proposed in the field. The remaining pages shall therefore be used 
to expand on this small selection and present some of the most recent observations 
and ideas on how structures formed by repetitive DNA can elude DNA repair and, in 
particular, how improperly processed Okazaki fragments have been shown to cause 
expansion of DNA. The latter has been at the centre of numerous of the most 
recently proposed models. 
7.2 Recent Advances in the Understanding of Repeat- 
Mediated Genome Instability 
7.2.1 Slippage Intermediates .are Proof-Reading Resistant 
Newly replicated DNA is proof-read by a 3'-5' exonuclease activity that is 
associated with DNA polymerase. It is assumed that DNA replication proceeds 
slowly after misincorporation and that fraying of the mismatched base provides the 
single—stranded 3'-end for the exonuclease. When studying the efficiency of 
exonucleolytic proof-reading during replication of homopolymeric tracts in vitro, 
Kroutil et al. (1996) found that frameshifts are proof-read less efficiently as tract 
length increases. For example, they observed that exonuclease increased frameshift 
fidelity of T4 DNA polymerase in a run of T 5 48-fold whereas the same polymerase 
achieved only a 2-fold increase in a run of T 8. The suggestion is that 
misincorporations and frameshifts in very short repeat tracts occur at the terminus of 
the growing strand and are accessible to proof-reading, but with increasing length of 
the repetitive sequence slippages are more likely to occur at a point distant from the 
growing 3'-end so that they are more likely to escape from proof-reading. Similar 
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observations have been made with dinucleotide repeats' in S. cerevisiae po12 and pol3 
mutants (Strand et al. 1993) and in E. coli mutD mutants (Strauss et al. 1997). 
Slippages within trinucleotide repeats may be similarly unaffected by proof-reading. 
Hence, the maintenance of simple repetitive sequences may fall to MMR entirely. 
So, it is not surprising that eukaryotic MMR proteins have evolved broader 
specificity (MSH2) and additional eukaryotic MMR proteins apparently specialised 
in IDL repair (MSH3) exist to cope with the abundance of microsatellites in 
eukaryotic genomes. 
7.2.2 When Okazaki Fragments Have no Anchor 
Based on the idea that with increasing length of the trinucleotide repeat the 
chance increases that an Okazaki fragment starts or ends within the repeat or is 
formed entirely within the repeat, Richards and Sutherland (1994) suggested that 
slippage of unanchored ends, or in fact the entire Okazaki fragment, could lead to 
large-scale expansion of long trinucleotide repeats. In humans where Okazaki 
fragments are between 100 and 200 bp long (Tseng and Goulian, 1975) expansion 
might therefore occur of repeats with more than 35 to 70 trinucleotides while in E. 
coli where Okazaki fragments are about 10-fold longer expansion would require 
much longer repeat tracts (> 350 —700 trinucleotides). Indeed, Sarkar et al. (1998) 
have recently reported on bimodal CTG repeat amplification in E. coli SURE32 cells. 
Expansion was observed with (CTG) 120500 on the condition that the Okazaki 
fragments encoded CTG sequences and transformants were grown at 25 °C instead 
of 37 °C. CTG repeats that consisted of 120 to 200 trinucleotides underwent mainly 
small expansions that were visible as a continuous upwards smear which, in the case 
of (CTG)2 , also contained some discrete bands containing 330 to > 2000 
trinucleotides indicating the presence of large uniform increases. Replication of 
(CTG) 330 and above produced discrete expansions ranging from 2 kb to > 6 kb. The 
authors concluded that Okazaki fragment size was responsible for the bimodal 
trinucleotide repeat expansion in E. coli and pointed out that also in humans Okazaki 
fragment size seems to coincide with the CTG-repeat length necessary for large-scale 
32 SURE (Stratagene): e 1 4 (McrK) E(,ncrCB-hsdSMR-mrr) 171 endA I supE44 thi-I gyrA96 relA lac recB recf 
sbcCumuC::Tn5 uvrC [FproAB lacPZ AM 15 TnIO]. 
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expansions. They quote DM where (CTG) 3550 repeats (<Okazaki fragment) undergo 
small increases while CTG repeats with more than 80 trinucleotides (> Okazaki 
fragment) are known to undergo large scale expansions. Taking into account that 
TG expansions in E. coli were only observed in the absence of SbcC, Sarkar et al. 
(1998) suggested the following model to explain bimodal CTG repeat expansion in 
SURE cells. 
	
<Okazaki fragment size 	 > Okazakl fragment size 
HUH 
structures in Okazaki fragments 
not removed in ABSENCE of SbcCD 
I 
leads to expansion 
after next round of replication 
Incremental Expansion 	 Saltatory Expansion 
Figure 7-1. Model for bimodal CTG repeat amplification in E. coli (Sarkar et al. 
1998). Red and black lines represent repetitive and random DNA sequences, 
respectively. 
It can be seen from this model that, depending on the size of the original 
repeat length (> or < than Okazaki fragment), repeat expansion can be small and 
gradual or it occurs in large jumps (2-6 kb). Both modes of expansion only work in 
the absence of SbcC. The temperature-sensitivity of expansion, so Sarkar et al. 
(1998) suggested, is due to the higher stability of secondary structures at the lower 
temperature. Considering that in addition to single-strand endonuclease activity 
SbcCD has double-strand exonuclease activity (Connelly et al. 1997) these authors 
suggested that CTG repeat expansion could also result from repair of double-strand 
breaks that are generated at stalled replication forks. This alternative model is 
explained below. 
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7.2.3 Massive Amplifications Caused by DSB Repair? 
As an alternative to Okazaki fragment-mediated CTG repeat amplification 
(above) Sarkar et al. (1998) suggested that expansion could also be the result of 
DSB repair by end-annealing of single strands (Figure 7-2). 
H H H 	I H IH 	H 
In the absence of SbcCD: 
end-annealing 
gap-filling 
WWIHLH 3 i .W1JiI1111111111 5 JW 5 , 3 1 
IflhllIllIhu 	0 M.iIIIIIIIH1UIIIII 
Figure 7-2. Alternative model for large-scale CTG repeat amplification in E. coli in 
the absence of SbcCD as suggested by Sarkar et al. (1998). Red lines indicate the 
CTG repeat, black lines indicate random sequences. 
It has been shown before that DNA polymerase stalls when replicating CTG 
repeats with more than 80 trinucleotides (Kang et al. 1995) and that stalled 
replication forks can lead to DSBs (Seigneur et al. 1998). Probably due to recB and 
recf mutations homologous recombination is down to 0.01 % in SURE cells 
(Greener, 1990) and Sarkar et al. (1998) suggested that if DSBs are generated within 
the CTG repeat and if the breaks are staggered, then the single-strands may 
(mis)anneal at their ends and large expansions may be produced once the single-
strand gap has been filled (Figure 7-2). The presence of SbCC, so the authors suggest, 
may prevent CTG repeat amplification by cleaving the secondary structures or by 
acting on the double-strand ends. However, another explanation for the "deletion" 
observed with (CTG) 500 in SbcC SURE cells is that the mechanism for large 
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expansions is active in these cells, but that SbcCD cleaves all plasmids with repeat 
tracts > 100 trinucleotides. Because these plasmids cannot be repaired in SURE 
(SbcC) cells they are not available at the point of analysis. So, rather than 
preventing expansion, SbCCD might selectively remove plasmids with large repeat 
tracts from the population. 
As pointed out in Chapter 4, the human MRE11IRAD5O complex has been 
found to share homology with the SbcCD complex (Sharples and Leach, 1995) and 
Sarkar et al. (1998) have suggested that differences in the activity of the human 
protein complex might be involved in expansions observed in DM. 
7.2.4 Okazaki-Fragment Maturation - How Failure Leads to 
Instability 
Lagging strand replication in S. cerevisiae requires RAD27 (RTH 1), a 5'-flap-
specific endonuclease and 5' - 3' exonuclease that is encoded by the RAD27 gene, a 
member of a gene family that contains also the human FEN-1 gene (Harrington and 
Lieber, 1994; Murante et al. 1994). FEN1 and RAD27 are thought to function in 
Okazaki fragment maturation. During lagging strand replication, either DNA 
polymerase or an upstream helicase displaces the 5-end of the preceding Okazaki 
fragment. From this single strand flap, RNaseHI then removes the RNA primer 
leaving one ribonucleotide on the Okazaki fragment. This and some DNA are 
removed by FEN 1 which enters the flap from the 5-end and slides along the single-
strand flap until it encounters the single-double-strand junction where it cleaves the 
flap. The ends of two Okazaki fragments can then be joined. An alternative pathway 
has been proposed by Murante et al. (1995) where FEN1 alone removes the entire 
RNA primer and some DNA. These authors show that FEN1 can cleave within the 
RNA primer, at the RNA/DNA junction or within DNA depending on how far the 5'-
end of the Okazaki fragment has been displaced. S. cerevisiae rad27 mutants are 
strong mutators (Johnson et al. 1995; Tishkoffet al. 1997) and the observation of an 
increase in dinucleotide repeat instability in rad27 mutants was initially interpreted 
to mean that RAD27 is involved in MMR (Johnson et al. 1995). However, a more 
extensive analysis of the mutation spectrum of rad27 mutants revealed that in 
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contrast to msh2 mutants, mutations in the rad27 mutant were mostly duplications of 
regions (5 bp to 108 bp) flanked by small direct repeats (3 to 12 bp) (Tishkoff et al. 
1997). This and a synergistic effect of msh2 and rad27 mutations suggested to 
Tishkoff et al. (1997) that RAD27 functions in a novel mutation avoidance 
mechanism (Figure 7-3). 
DNA polymerase extends into downstream Okazaki fragment thereby generating 
a 5-flap which is normally removed by RAD27 (FEN1) 
in rad27 mutant extended displacement synthesis 
a)5 	p 3 4 	5 
I slip mispairing \\ seglon susceptible to breakage 
V_ lop 0 J~_V  a) 	 ___________ 
P 	P 
breakage 
S a) ,_ P_PS 
j DNA synthesis 
P_—* 3 	f—P_P_Y 
3_P_Pf 3—P_P_5 
-3 exonu dease 
repair or repucetion 
3.— 	 y—*------*----- S 
ss annealing NDSB repair 
mutagenic 
—3 
'— 	—* , 
synthesis 	
nonuta9enlc\  
D 5_  
' 	P 	P 	 3' 	p 	p  
duplication between repeats 
Figure 7-3. Model for the formation of duplications in rad27 mutants as suggested 
by Tishkoff et al. (1997). Repeated sequences are indicated by red arrows. See text 
for further explanation of steps a-j. 
That viability of rad27 mutants depends on RAD52 indicates that DSB are 
generated in the rad27 mutant and the authors proposed that the single-strand region 
formed during extended displacement synthesis may be susceptible to breakage 
(Figure 7-3c) in the next round of replication or possibly by endonucleolytic 
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cleavage. This break may be repaired by either classic DSB repair (Figure 7-3f) or 
single-strand annealing (SSA, Figure 7-3g and h), of which only the second is likely 
to be mutagenic (Figure 7-3g). Alternatively (in the absence of a break), the authors 
suggest a mispairing of the displaced 5'-end with the template strand containing the 
displaced overhang in the loop (Figure 7-3b). Repair or replication may then lead to 
expansion. Lethality of rad2 7 also in combination with a mutation in RAD5 1, which 
is required for DSB repair but not for SSA, suggested to these authors that of the 
possible repair pathways shown in Figure 7-3, non-mutagenic DSB repair is the one 
most frequently used to repair replication errors in rad27 mutants. These fmdings 
caused Gordenin et al. (1997) to propose a novel model for trinucleotide repeat 
expansion that involved FEN 1. 
A 	 4 4 4 
	











I 	 444 .4-4-44 	 44444444 	 --- 
unwinding of structures by single-strand binding protein 
-_ 




(see Figure 7-3, Tishkoff at aL 1997) 
I 
classic DSB repair 
or mutagenic SSA 
or non-mutagenic SSA 
(see Figure 7-3, Tishkoff at al. 1997) 
Figure 7-4. Model of trinucleotide repeat expansion via a FEN-1 resistant flap 
generated in an Okazaki fragment; adapted from Gordenin et al. (1997). A: 
Normally FEN1 cuts the 5'-flap generated by displacement synthesis in the preceding 
Okazaki fragment. B: Depending on the sequence the 5'-flap might adopt a FEN1-
resistant structure (a: hairpin, bc: triplex) which is then unwound by SSB and may be 
processed in any of the ways suggested by Tishkoff et al. (1998). Red and blue 
arrows indicate the two complementary strands of a tandem repeat array and the 
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green ring indicates the flap-endonuclease FEN- 1. Small black arrowheads 
symbolise 3-ends. 
In their model FENI is present in the cell, but the displaced 5-flap is resistant 
to degradation by FEN1 because the trinucleotide repeat in the flap can fold back on 
itself to form a hairpin or pair with the double-strand to form a triplex. Then, so they 
suggest, SSB comes along, unfolds the structure and protects the flap from 
degradation by binding to it (Murante et al. 1995). The model proposed by Gordenin 
et al. (1997) is shown in Figure 7-4. Observations with long CTG repeats in S. 
cerevisiae that were mentioned in Chapter 5 are consistent with these models. For 
example, a prediction of the model proposed by Gordenin et al. (1997) is that repair 
of a FEN1-resistant flap formed by a CTG trinucleotide repeat may require RAD52 
andlor RAD5 1. Indeed, CTG repeats in yeast have been shown to promote 
recombination that proceeds via DSBs (Freudenreich et al. 1998). In fact 
Freudenreich et al. (1998) reported that CTG-tract mediated recombination was 
decreased to the same extent in both rad52 (required for DSB repair and SSA) and 
radi (required for SSA only) mutants suggesting a major role for, SSA in CTG-tract 
mediated recombination. In agreement with the previous reports, they suggest that in 
the absence of Rad27 a CTG repeat-flap could fold into a hairpin structure which 
might then be ligated to the 3-end of the next Okazaki fragment creating an 
expansion. Consistent with Tishkoff et al. '5 model, they showed that CTG-tract 
mediated recombination was increased in rad27 mutants and that the (CTG) 40 , 
(CTG) 70 and (CTG) 130 repeats are destabilised by a rad27 mutation with the majority 
of changes being expansions. Freudenreich et al. (1998) observed insertions of 40 to 
43 trinucleotides with (CTG) 40 and insertions of 13 to 30 with (CTG) 70. Interestingly, 
they found that upon transformation (CTG) 130 occasionally expanded into the range 
of (CTG) 170 to (CTG)250 The factor that promoted expansion upon transformation 
could not be identified, but it was suggested that recombination near the repeat tract 
during strain construction may have been a cause. 
The problem of removal of the terminal monoribonucleotide that is left 
behind on the 5'-flap after cleavage of the primer by RNaseH was addressed by 
Kokoska et al. (1998). They suggest that in the absence of FENI (or RAD27) or if a 
FEN 1-resistant flap is formed an inefficient RAD27-independent mechanism 
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removes the monoribonucleotide from the 5'-end of the Okazaki fragment before 
lagging strand replication or DSB repair can be completed proposing the existence of 
for the removal of the monoribonucleotide. The existence of such a mechanism is 
supported by the observation that rad27 null mutants are viable, but grow very 
poorly (Reagan et al. 1995). Kokoska et al. (1998) reject the idea that microsatellite 
instability in rad27 mutants may be the result of DSB repair on the grounds that the. 
mutations in mono- and dinucleotide repeats are almost exclusively single unit 
insertions and a more variable mutation spectrum would be expected from DSB 
repair. Instead they propose that microsatellite instability in rad27 mutants is caused 
by replication slippage and that displaced repeats escape MltvIR because MMR is 
perhaps only able to repair mispairs that arise during extensions of its associated 
primer. This would make the IDLs that arise from 5'-flaps refractory to MMR. 
7.2.5 Duplications - A Result of Base-Excision Repair? 
Recently, FEN1 has also been implicated in base excision repair (BER) of the 
long-patch-type (Klungland and Lindahl, 1997; Kim et al. 1998) which involves 
replacement of 8 to 12 nucleotides during removal of an abasic (AP) site. Apart from 
FEN1, long-patch BER requires AP endonuclease, PCNA, PCNA-dependent DNA 
polymerase (ö), RF-C and DNA ligase which function to remove oxidised or reduced 
AP sites or other AP sites which are refractory to DNA polymerase p3-dependent 
short-patch BER (Matsumoto et al. 1994). Figure 7-5 shows a model recently 
proposed by Kim et al. (1998) that could explain small duplications in cells that lack 
FEN1 by a mechanisms other than impaired Okazaki-fragment maturation. 
Kim et al. (1998) showed how lack of FEN1 in BER (branch B) could lead to 
duplications and possibly trinucleotide repeat expansions though expansions would 
be expected to be very small (< 12 bp). A prediction of the model is that with 
increasing frequency of AP sites that are repaired by long-patch BER the frequency 
of small duplications in rad27 mutants should increase. A test of the model has not 
yet been reported. 
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PCNA-dependent replacement synthesis 
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DNA ligase 
Figure 7-5. Model for formation of duplications by long-patch base excision repair 
in the absence of FEN1 (branch B.) as proposed by Kim et al. (1998). 
7.3 Implications for Microsatellite Instability in 
Human Genetic Disease 
In addition to failure of MMR, mechanisms such as those outlined above may 
contribute to microsatellite instability in humans. However, it is clear that 
microsatellite instability observed in HNPCC and some other cancers is 
fundamentally different from trinucleotide repeat expansion in TREDs as the latter is 
locus-specific and the former affects the entire genome (Goellner et al. 1997). 
Goellner et al. (1997) have suggested that secondary structures such as those 
formed from certain trinucleotide repeats may be refractory to MMR, an idea that is 
supported by locus-specificity of microsatellite instability in TREDs. On the other 
hand, that transgenes with trinucleotide repeat tracts that would have a probability of 
expansion of nearly 100 % in humans can be remarkably stable in mice (Lavedan et 
al. 1998) suggests otherwise. For example, it suggests effects of position such as 
II 	III 	111111
repair/ligation 
I 	I 	I I 	111111111111 11111 
duplication 
I 	F!Ti f!11 I I 	I 	I I I 
269 
Chapter 7 Concluding Remarks 
chromatin structure, transcriptional activity, use of replication origins and nearby 
hotspots of recombination. The specific chromosomal environment might attract 
specific factors that locally elevate repeat instability, and this may be restricted to a 
small window during gametogenesis or early development. Furthermore, sei-
dependent use of origins of replication as was suggested recently by Gacy et al. 
(1998) (see also 1.4.2.3.3 GAA Repeat Instability in E. coli) may contribute to the 
observed sex-bias of trinucleotide repeat expansion in FA and possibly other TREDs. 
Mutations in FEN1 may make individuals susceptible to large expansions at 
the DM locus as was suggested by Freudenreich et al. (1998). On the other hand, 
mutations that diminish FEN1 activity may also cause small increases in 
microsatellite length and normal TRED loci may also be affected. The study by 
Goeliner et al. (1997) showed that TRED loci are unstable in patients with familial 
and sporadic colon cancers (18 % of 26 patients were known to have an MMR 
mutation). Of all analysed alleles, 54 % of HD alleles and 23 % of SCA1 alleles were 
unstable in the cancerous tissue of these patients, with changes ranging from - 4 to + 
4 trinucleotides at the HD locus and - 3 to + 2 trinucleotides at the SCA1 locus. 
Since these changes were restricted to the tumour they will not contribute to an 
increase of TRED-loci length in the human population. However, increased 
instability of trinucleotide repeat length has also been observed in leukocytes from 
HNPCC patients with a mutation in hMLHJ (Fuichignoni-Lataud et al. 1997) 
indicating that trinucleotide repeat instability in some HNPCC extends beyond the 
tumour and maybe even to gametogenesis. Fuichignoni-Lataud et aL (1997) 
suggested that their observations (made with the FMR1 allele) might provide one 
possibility for the transition of normal to premutated FMR1 alleles. 
Mutations in MMR genes have been found in more than 70 % of HNPCC 
patients (Toft and Arends, 1998) and in about 50 % of other cancers with 
microsatellite instability strongly suggesting that other genes, some yet unidentified, 
involved in DNA replication andlor DNA repair may be mutated in the other 
patients. Mutations in FEN! have not been found in HNPCC patients (Risinger et al. 
1996; Tishkoff et al. 1997), but they may exist in cancers with a mutation spectrum 
that is more similar to that of S. cerevisiae rad27 mutants. The knowledge of the 
mutation spectra of S. cerevisiae and E. coli mutants made possible the identification 
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of hMSH2, the first gene associated with HNPCC (Fishel et al. 1993). Such 
knowledge may once again assist us in the search for other genes with key roles in 
the maintenance of genome integrity. 
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Figure 1. Mouse metallothionein-Ill (Mt3) gene, complete coding sequence. 
PCR-primer M6833 
PCR-primer M6834 (complementary sequence) 
CTG trinucleotide repeat 




































Figure 2. EcoRI fragments (5' —* 3') inserted into single EcoRI site of pUC18 to 
form plasmids pDL915 (orientation A) and pDL915R (orientation B). EcoRI inserts 
in pDL913 and pDL913R are the same but contain 25 CTG trinucleotides instead of 
43. These EcoRI inserts were also inserted into ADRL246. 
CTG trinucleotide repeat 
ICAATT(1 EcoRI restriction sites 
IGAATTCICTCC CCTTTCTAGC CTTCTTCAAG CATCTTGGGA GCATCTTTGC 
TGCTGCTGCT GCTGCTGCTG CTGCTGCTGC TGCTGCTGCT GCTGCTGCTG 
CTGCTGCTGC TGCTGCTGCT GCTGCTGCTG CTGCTGCTGC TGCTGCTGCT 
GCTGCTGCTG CTGCTGCTGC TGCTGCTGAG ATGATCAGCA GCAGGCTCAC 
TGCTCAGCAT CCCGTTTGGA CCAAC'IjGAA TTC 
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Figure 3. EcoRI insert (5' —p 3') in pPAL43. A 520-bp DNA fragment spanning a 
246-bp palindrome was amplified by PCR from A.SKK43 and digested with 
restriction endonuclease EcoRI to yield the 246-bp palindrome that is shown below. 
The nucleotide sequence of the palindromic EcoRI fragement was determined by 
manual radioactive sequencing of pPAL43. 
11 1-bp palindrome arm 1 
111 -bp palindrome arm 2 
24-hp interruption 








Figure 4. DNA folding of the palindromic EcoRI fragment in pPAL43 was 
performed on webserver: mfold2.wustl.edu  (D. Stewart and M. Zuker, Washington 




Tables 1 to 8. Mean percentage values were determined for each repeat length of 
pDL915 and pDL915R on days 0, 1, 7 and 14 during a 14-day period of growth of 
transformants in the absence or presence of 1 mM IPTG. Percentage values were 
obtained by restriction digestion of plasmid DNA with EcoRI and radioactive end-
labelling with a35S-dATP. Labelled fragments were separated on native 5 % Long 
Ranger gels which were then exposed overnight to a Molecular Dynamics phosphor 
storage screen. Signal intensity was measured using a Molecular Dynamics 
PhosphorImager. The intensity of each radioactive band corresponding to a repeat 
length was determined using ImageQuant software (see Chapter 2). 
The first column of each table shows the repeat length in number of trinucleotides (0-
80). The first four rows indicate a) the absence (-) or presence (+) of 1 mM IPTG in 
the culture medium; b) the orientation of the trinucleotide repeat in pDL9 15 and 
pDL915R (A: CTG repeat on the leading strand, B: CTG repeat on the lagging 
strand); c) the day of the 14-day time course on which plasmid DNA was isolated 
from 4.5 ml of bacterial culture; and d) the number of times each experiment was 
repeated. The last three rows summarise the data in each column; Del indicates the 
sum of percentage values of repeat arrays shorter than (CTG) 43, Original indicates 
the percentage value of (CTG)43 and Exp indicates the sum of percentage values of 
repeat arrays longer than (CTG)43. Results obtained from the following strains are 
shown: 
Table 1. DL324 (wild-type E. coli) 
Table 2. DL902 (mutS) 
Table 3. DL936 (mutL) 
Table 4. DL1 179 (mutH) 
Table 5. DL733 (AsbcCD) 
Table 6. DL887 (recA) 
Table 7. DL905 (mutS AsbcCD) 
Table 8. DL927 (mutL AsbcCD) 
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Table 1. Mean percentage values for each repeat length ofpDL9l5 (A) and pDL9I5R(B) 
in wild-type E. co/i strain DL324 (for detailed legend to Tables I to 8 see page 318) 
The first column shows the repeat length in number of trinucleotides (original: 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 


























































00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 020 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 000 0.00 0.00 0.00 0.00 0.00 
73 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 
72 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 
70 0,00 0,00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0.00 
70 0.00 0.00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0,00 000 0.00 
69 0,00 0.00 0,00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0,00 0,00 
68 0.00 0.00 0.04 0.00 0.03 0.05 0.00 0.02 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 
67 0.00 0.00 0.04 0.00 0.02 0.21 0.00 0.01 0,00 0.00 0.00 0.00 0.00 0.00 0.03 0,01 0,00 0.00 
66 0,00 0.00 0,02 007 0.11 020 0,00 0.00 002 0.00 0.00 0.00 0.00 0,00 0.03 0,00 0,04 0,00 
65 0.00 0.00 0.06 0,06 0.16 0.25 0,00 0.02 0.02 0,00 0.00 0.04 0.00 0,03 0.02 0,00 0.05 0.00 
64 0,00 0.00 0,12 0.05 0,11 0.07 0,00 0,02 0,02 0,02 0,00 0.05 0,00 0,04 0,02 0,03 0,04 0,00 
63 0.00 0,04 0,08 0,00 0,10 0.21 0,00 0.05 0,03 0,06 0.03 0,04 0,00 0,05 0.03 0,06 0.00 0,05 
62 0,00 0,07 0,13 0,06 0.13 0,09 0,00 0.05 0,02 0,09 0,08 0,04 0.04 0,10 0,06 0,00 0,10 0.10 
60 0,05 0.07 0.03 0,17 0.12 0,19 0,02 0,07 0,03 0,10 0,06 0,11 0,08 0,08 0,05 0,09 0,08 
0,10 
60 0,04 0,06 0,12 0,15 0,03 0,27 0,03 0,05 0.08 0,06 0,08 0,10 0.13 0,14 0,07 	, 0,08 0,10 0.10 
59 0.05 0,09 0,16 0,21 0,23 024 0.02 0,08 0.14 0,09 0.02 0,04 0,17 0.07 0,08 0,10 0,12 0,06 
58 0,09 0,16 0,16 022 0,23 0,29 0,02 0,11 021 0,19 0.12 0.04 0.22 0,07 0,08 0,11 0,06 0,20 
57 0,08 0.11 0,20 0,24 0,24 0.34 0,04 0.09 0,21 020 0.15 0.00 0.35 0.20 0.10 0.04 0.18 
0.25 
56 0.00 0.15 020 022 0.31 0.32 0.09 0.14 029 0.25 0.18 020 0.35 0.28 0.02 020 0.28 0.30 
55 0,05 028 0.26 0.30 0.44 0.50 0.12 0.18 0.45 0.33 024 0.26 0.44 0.29 0.15 0.26 0.44 
0.40 
54 0.08 0,26 028 0.40 0.46 0,50 020 027 0.48 0,46 0.27 0.31 0,48 0.46 0.29 0.36 0.53 0.53 
53 0.23 0.33 0.51 0.61 0.63 0.77 0.37 0.32 0,64 0,68 0.34 0.45 0.65 0.66 0.37 0.42 0,66 
0,72 
52 0.38 0.75 0.64 0.69 0.00 1.17 0.50 0.53 0,08 1.10 0.53 0.62 0.85 0.99 0,56 0,56 0.87 
0.87 
51 0.47 0.60 0.41 0.99 0.83 1.03 0.65 0.03 0.94 0.93 0.74 0,86 0,04 1.29 0.82 0.87 1.16 0.20 
50 2.07 0.95 2.29 2.00 0,43 0.35 0,94 0.74 1.38 1.34 0.30 0.43 0.49 1.52 024 1.11 0.47 0.46 
49 0.65 0.52 125 1.16 2.00 222 1,04 0.06 1.88 2.13 1.37 0.32 0.68 0.71 1.47 1.41 1.94 1.94 
48 0.98 1.03 0.53 0.73 1.73 1.70 1.54 1.60 0.87 1.53 1,86 1,90 1.82 2.09 1.95 2.05 2,02 1.94 
47 2.38 0.88 2.97 3.28 0.69 1.90 2.74 2.87 1.37 1.50 2.61 2,95 1.73 2.32 2.57 2,84 1.94 1.86 
46 1.42 1.68 2.32 2.82 2.34 2.36 2.09 2.56 2,46 2,50 2.50 2.86 2.78 3.43 , 3.03 3.58 2.69 2.96 
45 13.07 2.93 13.16 13.60 4.32 4.22 01.70 11.72 4.47 3.78 10.33 1124 4.43 4.40 9.00 9.80 5.47 4.52 
44 0.00 0.00 0,00 0,00 0,00 1.19 0.00 0,00 0.33 0.42 0.43 0.00 128 0.00 026 0.62 0.76 122 
43 69.82 74.55 60.00 58.35 60.33 .59.12 61.75 60.42 59.00 59.90 52,68 54.07 49.04 48.13 47.90 44,00 34054 32.83 
42 0000 0.00 0.00 0.63 1.25, 0.59 0.25 0.38 1.10 0.59 0,60 1.38 0.72 1.74 0.89 2.02 3.00 2.98 
40 2.47 2.48 4.06 3.80 3,61 3,23 4.11 4.48 380 3,50 5.55 5.91 4,35 4,37 6.32 7,05 4.59 4.23 
40 0.06 1.20 1.47 0.55 1.67 0.55 1.68 0.73 0,07 1.70 2.73 2,15 2.66 2.14 2,91 2,85 2,74 2.45 
39 0.98 017 0.99 0.82 0.17 0.29 122 0.93 1.30 1.32 1.71 1.33 1.59 1.93 2.07 0.69 1.92 2.31 
30 0,57 2,15 0.91 0,61 2.00 	' 2.31 0.93 0,70 227 2,32 0.36 1,14 2.30 2,71 1.67 0.50 2,46 2.57 
37 0.42 0,92 0.97 0.59 0.22 1.29 0.90 0.73 1.36 0.44 1.10 0.86 1.69 0,11 1.35 129 1.91 1.97 
36 0.39 0.48 0.56 0.66 0.72 0.62 0.81 0.63 0.74 0.79 1.17 0.94 1.11 0.98 014 1.03 0.26 1.55 
35 020 0.40 0.42 0.35 0.66 0080 0.41 0.40 0,77 0,98 0.66 0.70 0.87 1.04 0.83 0.92 0.56 1.32 
34 0.16 0.26 030 0.27 0.57 0.50 0.41 032 056 0.60 0,59 0,44 0.94 0.74 044 0.58 1,09 1,11 
33 0.15 030 0.41 0,20 0.54 0.38 0.39 0.24 0.65 0.48 061 0,35 0.89 0.72 0,69 0.63 1.08 1.71 
32 016 020 0.30 0,28 0.40 0.35 0.35 0.30 0.45 0.49 0.53 0.40 0,76 0,58 0.67 1.04 1.42 0.03 
31 0.11 0.59 0.00 0.06 0.03 060 0.25 022 0.91 0.77 037 0.31 1,17 1.02 061 0.64 059 1,18 
30 0.12 0.07 0,23 023 0.23 0.30 028 0.21 0.25 0.38 0.50 0.39 0,49 0.55 0,70 0,62 1,40 0.81 
29 0.10 0.25 0.12 0.20 0.33 0.30 0.16 0.24 047 0,38 0.39 0.33 0.65 0.56 0.44 0.55 2.67 1.13 
28 0.20 021 0.23 0.24 0.28 0.28 0.34 0.30 0.44 0,51 0.63 0.34 0.56 0.55 0,70 0.61 0,91 1,02 
27 0.13 0.17 020 0.29 0.25 017 0.37 0.24 0.32 0.35 0.40 0.44 0,43 0.53 0.79 0,57 0.75 0.85 
26 0.07 0019 0,18 0.17 0.30 0.31 024 0.07 0.40 0.37 0.34 0.23 0.63 0.53 0.54 0,49 0,76 0.92 
25 0.00 0.15 0.07 0011 014 0.24 0.23 0.15 0.41 0.36 0.33 025 0.60 0.52 0,58 0.63 1,01 1.01 
24 0,06 0,20 0.00 0.03 0.27 0.33 0.07 0.14 0.31 0.48 022 0.18 033 0.87 0.41 0.30 0.81 2.39 
23 0,09 0,09 0.15 0.00 0.33 0.28 0.21 0.02 0.37 038 0.37 0.19 0.66 0.58 0.51 0.48 0.86 0.95 
22 0.07 0.04 0.19 026 0,28 020 0.07 025 0.32 0.30 0.25 0.49 0.50 0.46 0.33 0,76 0.81 1.03 
20 0.07 0.20 0.05 0.06 029 0.26 0.08 0.14 0.33 031 0.45 0,14 0.54 0.59 0.42 0.35 0.80 1.09 
20 0.14 0.16 0.06 0.07 0.33 0.06 0.10 0.20 0.33 0.30 0.61 025 0,50 0.42 0.39 0,51 1.02 0.03 
19 0,06 0.31 0011 007 0,40 0.29 020 007 0.50 0.46 0.33 0.12 0,59 0,60 0.39 0.43 0.90 026 
08 0.09 0.26 0.07 0,21 0.45 0.43 0.14 0.08 0.50 0,46 0.25 024 0.91 0.71 0.33 0,35 1.25 125 
Il 012 0.18 0.03 0.06 030 0.35 022 0.21 0.40 0.42 0.40 0.34 0,74 0.65 0,53 0,54 0.04 1.22 
06 0011 0.09 0.03 0.02 0.25 0.19 0.08 0.05 0.31 027 0.15 0,08 0.59 0,46 0.19 024 1,10 0.97 
15 0,00 0.05 0.07 0.02 0.22 0.26 0.08 0.02 0.30 0.37 0.29 0.13 0.52 0.47 025 0.30 0.64 024 
14 0.00 0.14 0.09 0.02 023 0.19 0.06 0.03 0.24 0.23 0.10 0.45 0.47 0.49 0.32 0.56 0.63 0.79 
03 0.00 0.12 0.04 0,00 0.29 0.07 0.03 0.07 0.31 0.22 0.00 0.03 0.33 036 0.22 0.04 062 0,59 
12 001 0,11 ' 0.07 0.00 0.13 0.23 0.01 0.03 0.15 0.14 0,00 0.03 0.35 0.40 0.07 0.57 0.48 0.72 
II 0,02 0.08 0.05 000 0.07 0,14 0.02 0.02 0.02 0.12 0,00 0.03 0.36 0.33 027 0.20 0,45 0.58 
00 0,00 0.01 0,07 0,00 0.02 008 0.00 002 0.02 0,07 0.00 0.04 0.16 023 0.00 0.11 0.35 0.66 
9 000 001 002 0.00 0,09 0.06 0.00 0,07 0.13 0.15 0.00 0.06 0.18 0,26 0.04 0.04 027 021 
8 0,00 0.00 0.00 0.00 007 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.10 0.07 0.05 0,00 0.13 0.00 
7 	' 0,00 0,00 0,00 000 0,04 0,00 0000 0,06 0.00 0.01 000 0.00 0,04 0.07 0.00 029 0,10 0.07 
9 000 0.00 0.00 0000 0.06 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.01 
5 0.00 0.00 000 0.00 0.03 0,00 0000 0.00 0000 0.00 0000 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
4 0,00 0,00 000 0,00 0,00 0.00 0,00 0.00 000 0.00 0.00 000 0.00 0,00 0.00 000 0.00 0.00 
3 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.00 0000 0,00 0.00 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0.00 
I 0,00 0,00 0.00 000 0000 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0000 0000 0.00 
0 0.00 0.00 0,00 0.00 0,00 0,00 0,00 000 0,00 0.00 000 0.00 0,00 0,00 0000 0,00 0,00 0.00 









































Table 2. Mean percentage values for each repeat length ofpDL9l5(A) and pDL915R (B) 
in E. coil mutS mutant DL902 (for detailed legend to Tables 1 to 8 see page 318) 
The first column shows the repeat length in number of trinucleotides (original: 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 
c day of time course on which plasmid DNA was extracted; d) number of independent experiments 
a 
S A B A A B B A A B B A A B B A A B B 
C start start 0 0 0 0 I 1 1 1 7 7 1 1 14 14 14 14 
d n.a na. 4 4 4 4 4 4 5 5 
3 7 3 1 4 5 3 5 
50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 
73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 
68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
67 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0,00 0.00 0.03 0,16 
66 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.07 0.04 0.05 0.00 0.00 0.00 0.06 0.74 
65 0.00 0.00 0.02 0.03 000 0.03 0.00 0.00 0.03 0.00 0.07 0.07 0.70 0.03 0.00 0.02 0.07 0.17 
64 0.00 0.00 0.05 0.04 0.02 0.08 0.00 0.00 0.04 0.00 0.07 0.05 0.76 0.08 0.00 0.01 0.08 0.15 
63 0.00 0.04 0.06 0.04 0.08 0.10 0.00 0.02 0.13 0.12 0.09 0.06 0.15 0.12 0.05 0.03 0.16 0.76 
62 0.00 0.01 0.07 0.06 0.12 0.72 0.02 0.03 0.13 0.13 0.09 0.05 0.78 0.11 0.05 0.07 0.19 0.16 
61 0.05 0.07 0.07 0.07 0.15 0.12 0.03 0.03 0.15 0.18 0.10 0.07 0.27 0.16 0.06 0.10 0.22 0.22 
60 0.04 0.06 0.09 0.09 0.18 0.11 0.03 0.03 0.15 0.18 0.12 0.09 0.26 0.21 0.05 0.10 0.25 0.25 
69 0.05 0.09 0.10 0.08 0.22 0.22 0.04 0.05 0.22 0.19 0.78 0.10 0.29 0.26 0.06 0.13 0.30 0.28 
58 0.09 0.16 0.11 0.14 0.26 0.24 0.04 0.08 0.25 0.26 0.78 0.11 0.42 0.29 0.13 0.14 0.33 0.34 
57 0.08 0.17 0.14 0,14 0.29 0.28 0.05 0.08 0.28 0.27 0.20 0.15 0.43 0.41 0.13 0.20 0.40 0.41 
56 0.10 0.15 0.17 0.17 0.35 0.35 0.06 0.08 0.33 0.32 0.24 0.18 0.49 0.45 0.15 0.27 0.49 0.51 
85 0.15 0.25 0.23 0.26 0.42 0.44 0,09 0.19 0.47 0.40 0.32 0.27 0.57 0.57 0,36 0.32 0.61 0.62 
54 0.19 0,26 0.27 0.27 0.54 0.50 0.77 0.24 0,54 0.47 0.42 0.32 0.78 0.65 0.43 0.43 0.12 0.70 
53 0.23 0.33 0.39 0,36 0.78 0.73 0.36 0.34 0.77 0.65 0.57 0.42 0.89 0.87 0.50 0.52 0.87 0.69 
82 0,38 0.75 0,56 0.66 1,04 0,99 0.49 0.48 1.04 0.88 0.77 0.58 1.17 III 0.70 0.76 1.15 1,09 
51 0.47 0,60 0.78 0.82 1,10 1.07 0.73 0.71 1.07 1.07 1.06 0.87 1,52 1.30 0.97 0.97 1.45 1.40 
50 2.07 0.85 7.78 1.72 1.39 1.43 1,42 1.40 1.42 7.31 1,49 1.18 1.81 1.74 1,32 1.28 1.72 1.79 
49 0.85 1.52 1.22 1.24 2.00 2.05 1.10 1,14 2.02 1.83 1,60 7.47 2.26 2.22 1.74 1.59 2.29 2.79 
49 0.98 1.13 1.74 1.74 1.74 1,86 1.59 1,54 1.72 1.75 2.15 1.84 2.27 2.26 2.22 2.22 2.57 2.44 
47 2.38 0.88 2.57 2.94 1.59 1.65 2,58 2.63 1.66 1.58 3.16 2.74 2.24 2.20 3,09 2.94 2.58 2.41 
46 1.42 1.88 3.22 3.05 2.43 2.70 3,22 2.92 2.40 2.09 4.75 4.14 3.04 2.80 4.80 4.59 4.85 3,29 
45 13.07 2.93 11.68 12.22 4.09 4.83 10.94 10.48 3.84 3.48 9.66 9.53 4.79 4.34 9.32 5.65 5.13 4.64. 
44 0,00 0,00 5.85 4.61 4.70 4.85 4.99 8.53 4,96 3.44 9.44 9.04 5.44 5.55 10.91 6.88 6.02 6.40 
43 69.92 74.55 49.14 48.98 51.36 51.61 49.12 48.93 48.77 48.79 32.62 34,25 32.19 33.67 25.57 20.78 22.57 21.53 
42 0.00 0,00 6.71 5.28 6.43 5.78 6.68 6.77 7.43 8,96 9.75 10.49 10.77 10.50 71.37 10.61 13.06 11.62 
.47 2.47 2.48 3,90 3.80 3.69 	- 3.73 4.36 4.18 4.03 4.09 5.66 6.12 5.15 5.68 7.76 7.43 6.57 6.52 
40 1.06 7.20 1.96 1.95 1.91 1.73 2,20 2.14 	- 2.09 2.10 2.91 3.29 2,96 2.92 3.79 - 	4.75 4.78 3.80 
39 0,88 0.97 1,09 1.07 1.44 1,37 7.24 1.76 1.57 1.56 1.04 1.80 2.27 2.00 2.23 2.85 2.61 2.61 
35 0.57 2.15 0.87 0.74 2.25 1.94 088 - 0.85 2.30 2.04 1.31 1.22 2.12 2.22 1.58 1.98 2.05 2.36 
37 0.42 0.92 0.75 0.72 7.25 1.15 0.77 0.74 7.35 1.38 1.24 0.93 1.68 1.64 1.28 7.34 1.61 2.02 
36 0.39 0.48 0.63 - 0.62 0.72 0.68 0.79 0.75 0.77 0.79 0.69 0,84 7.03 1.14 1,09 1,06 7,26 1.45 
35 0.27 040 0,38 0,34 0.65 0,56 0.42 0.40 0,68 0.63 0.79 0.55 1.12 0.92 0,84 0.89 7,04 1.19 
34 0,76 0,26 0,33 0.33 - 0.44 0.40 0.37 0.36 0.51 0,48 0,56 0,58 0.89 0.77 0.65 0.87' 0.88 0,98 
33 0.15 0.30 0.29 0.26 0.42 0.38 0.32 0.31 0.50 0.48 0.85 0.41 1.06 0,68 0,64 0,66 0.76 0.88 
32 0.18 0.20 0.28 0.32 0.37 0,34 0.33 0.41 0.39 0.39 042 0.42 0,66 0.58 0.53 0.59 0.76 0,80 
31 0.11 0.59 0.21 0.23 0.61 0.54 0.24 0,29 0.65 0.62 0.34 0.38 0.74 0.75 0,56 0,60 0.64 0.93 
30 - 0.72 0.17 0.21 0.18 0.30 0.24 0.24 0.28 0.33 0,29 0.55 0,30 0.51 0.45 0,44 0.57 0,58 0.70 
39 0.10 025 0.16 0.14 0.32 0.31 0.24 0.23 0.38 0,38 0.35 0.26 0.45 0,46 0.47 0.48 0.51 0.65 
28 0.20 0.21 0.32 0.21 0.31 0.24 0.33 0,26 0.36 0,30 0.24 0,34 0,50 0.39 0.59 0.54 0.50 0,58 
27 0.13 0.17 0.25 0.19 0,24 0.19 0.20 0.24 0.27 0.25 0.18 0.28 0.38 0.37 0.37 0.53 0.43 0.56 
26 007 0.79 0.18 0.18 0.25 0.29 0.24 0.23 0.29 0.32 0.30 0.24 0.35 0.37 0.44 0.43 0,44 0.54 
25 0.10 0.75 0.15 0.14 0.24 0.20 0.17 0.17 0.25 0.23 0.20 0.26 0.75 0.39 0.54 0.46 0.45 0.54 
24 0.06 0.20 0.11 0.11 0.32 0.29 0.15 0.13 0.36 0.35 021 0.20 0.42 0,44 0.32 0.33 	- 0.52 0.60 
23 0.09 0.79 0.12 0.73 0.23 0.21 0.20 0.18 0.23 0,26 0.91 0.25 0.32 0.38 0.45 0.48 0.44 0.63 
22 0.07 0.14 0.72 0.09 0.23 0.21 0.22 0.16 0.25 0.27 0.17 0.15 0.27 0.38 0,26 0.48 0.43 0.56 
21 0.07 0.20 0.11 0.12 0.26 0.21 0.20 0.79 0.30 0.29 0.15 0.21 0.39 0.39 0.41 0.37 0.42 0,60 
20 0.74 0.16 0.19 0.21 0.19 0.15 028 0.31 0.23 0.24 0.16 0.38 0,49 0.39 0.41 1,20 0.48 0.71 
19 0.06 0.37 0.17 0.10 0.39 0.36 0.10 0.78 0.43 0,45 0.14 0.19 0,29 0.93 0.57 0,50 0.42 0.82 
IS 0,01 0,26 0.73 0.07 0.31 0,29 0,05 0.10 0.37 0.45 0.12 0.14 0.40 0.62 0.43 025 0.40 0.77 
17 0.12 0.18 0.14 0.14 0.30 0.27 0.08 0.15 0.33 0.32 0.76 0.37 0.27 0.51 0.12 0.28 0.44 0,94 
16 0.00 0.19 0.08 0.07 0.25 0.21 0.05 0,17 0.27 0.32 0.11 0.14 0.23 0.50 0.15 0.17 0.45 0.69 
15 0,00 0.75 0.14 0.08 0.16 0.19 0.05 0.15 0.20 0,22 0.12 0.41 0,24 0.35 0.31 1.02 0.33 0.45 
14 0,00 0.74 0,06 0.07 0,72 0.14 0.03 0.07 0.74 0.19 0.08 0.90 0.17 0,30 0.13 2,56 0.29 0.45 
13 0,00 0.12 0.06 0,06 0.18 0.14 0,04 0.08 0.23 0.19 0.17 0.21 0.32 0.29 0.74 0.25 0.28 0,44 
72 0.00 0.11 0,04 0.07 0.16 0,15 0,02 0,08 0.16 0,19 0.06 0.08 0.16 0,26 0.04 0.13 0,21 0,39 
11 0.00 0.08 0.08 0.13 0,13 0.13 0.04 0.25 0.16 0.12 0.10 0.09 0.21 0.27 0.05 0.09 0.24 0.31 
10 0.00 0.00 0.08 015 0,72 0.18 0,06 0.00 0.13 0.16 0,04 0.09 0.13 0.19 0.01 0.23 0.19 0.20 
9 0,00 0.00 0.04 0.09 0 12 0.79 0.00 0.00 0.15 0.14 0,02 0.07 0.29 0.12 0.01 0.05 0.23 0.17 
9 0.00 0.00 0.07 0.05 0,10 0.18 0.00 0.02 0.13 0.09 0.07 0.00 0.07 0.09 0.07 0.00 0.13 0.13 
7 0.00 0.00 0.02 0.02 0.06 0,12 0.00 0.00 0.05 0.07 0.00 0.00 0.05 0.07 0.01 0.00 0.09 0.04 
6 0.00 000 0.03 0.03 0.03 0,04 0.00 0.00 0,02 0.04 0.00 0.00 0.07 0.00 0.06 0.00 0.06 0.01 
5 0,00 0,00 0.00 0,00 0,00 0.02 0,00 0,00 0.00 0,00 0,00 0.00 0,00 0.00 0,00 0.00 0.00 0,00 
4 0,00 0.00 0,00 0,00 000 0.00 0.00 0.00 000 0.01 000 0.00 0.00 0.00 0.00 0,00 0.00 0.00 
3 0.00 0.00 0,00 0.00 000 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0.00 
2 0.000,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 
I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,01 0.00 0.00 0.00 0.00 1 	0.00 0.00 0.00 0.00 
0.1 7.79 13.50 19,73 18,39 25.70 23.77 21,51 22.01 28.28 29,58 .12 32,37 38.18 3860 38,40 44,99 44.59 47.65 
OrigIn 65,82 74.55 49,14 48.58 51.38 51.61 49.12 48.93 48.77 45.79  F321 .62 34.25 32,79 33,67 25.57 20,78 22.57 21.53 
Exp 22.40 11.94 31.13 30,74 23.50 24,80 27,97 28.99 23.64 20.56 6.26 33.37 29060 27.73 36,03 3423 32,54 30,81 
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Table 3. Mean percentage values for each repeat length of pDL9 15 (A) and pDL9 1 SR (B) 
in E. coil mutL mutant DL936 (for detailed legend to Tables 1 to 8 see page 318). 
The first column shows the repeat length in number of trinucleotides (original: 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 
c) day of time course on which plasmid DNA was extracted; d) number of independent experiments 
0 A B A A B B A A B B 
- 
A A B B A A B B 
c no.10 noa,t 0 0 0 0 1 I 1 1 7 7 7 7 14 14 14 14 
6 n. n.. 4 4 4 4 4 4 6 8 3 7 3 7 4 5 3 $ 
O. 0.00 0.00 0.00 00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
70 000 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 
64 0.00 0,00 0.29 0.00 0.00 0.00 0.11 0.10 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.06 
63 0.00 0.04 0.16 0.00 0.00 0.00 0.09 0.21 0.00 0.18 0.00 0.00 0.29 0.11 0.04 0.00 0.10 0.11 
62 0.00 007 0.23 0.00 0.00 0.30 0.22 0.18 0.15 0.32 0.00 0.00 0.28 0.28 0.05 0.00 0.11 0.12 
61 0.05 0.07 0.28 0.16 0.24 0.42 0.24 0.18 0.15 0.27 0.00 0.00 0.34 0.32 0.09 0.00 0,19 0.07 
60 0.04 0.06 0.20 0.18 0.19 0.29 0.18 0.23 0.12 0.22 0.00 0.00 0.37 0.31 0,09 0.00 0.23 0.16 
69 0.05 0.09 026 0.09 0.23 0.26 0,22 0.24 0.36 0.25 0.00 0.13 0.35 0.32 0.02 0.00 028 0.23 
SI 0.09 0.16 0.20 0.14 0.39 0.44 0.23 0.20 0.44 0.26 0.00 0.11 0.52 0.40 0.03 0.11 0.39 0.26 
57 0.05 0.01 0.35 0.21 0.36 0.42 0.31 0.23 0.47 0.38 0.00 0.23 0.55 0.42 0.18 0.08 0.48 0.30 
56 0.10 0.15 0.20 0.25 0.63 0.55 0.31 0.24 0.51 0.44 0.00 0.20 0.70 0.45 0.20 0.25 0.55 0.45 
55 0.15 0.28 0.43 0.30 0.52 0.62 0.47 0.33 0.53 0.53 0.00 0.24 0.76 0.58 0.36 0.41 0.73 0.59 
54 0.09 0.26 0.35 0.35 0.63 0.58 0.49 0.35 0.68 0.57 0.00 0.31 0.92 0.77 0.48 0.47 0.82 0.72 
83 0.23 0.33 0.60 0.50 0.76 0.83 0.55 0.50 0.95 0.76 0.60 0.43 1.32 0.97 0.54 0.72 1.19 0.84 
62 0.38 0.75 0.87 0.62 1.13 1.15 0.85 0.82 1.15 1.04 0.90 0.58 1.48 1.21 0.76 0.88 1.40 1.08 
51 0.47 0.60 0.88 0.69 1.33 1.69 0.09 0.78 1.43 1.31 1.08 0.84 1.65 1.45 1.04 1.18 1.58 1.34 
50 2.07 0.85 1.93 1.59 1,49 1.35 1.84 1.00 1.49 1.62 1.30 0.09 1.93 1.89 1.30 1.58 1.89 1.55 
49 0.65 1.52 1.54 1.37 2.39 2.28 0.54 1.55 2.46 2.02 1.75 1.19 2.41 2.18 1.86 1.93 2.33 1.91 
41 0.98 1.13 1.95 2.43 1.93 2.09 1.74 1.68 2.20 2.23 2.35 1.91 2.63 2.23 2.23 2.23 2.44 2.26 
47 2.38 0.85 3.06 3.32 2.18 1.48 3.69 3.07 2.44 0.56 3.52 2.78 2.92 2.23 3.26 2.97 2.74 2.59 
45 1.42 1.88 4.22 3.41 	. 2.79 3.37 4.74 4.43 3.04 2.96 4.91 3.97 3.28 3.69 4.58 4.08 3.21 3.40 
45 13.07 2.93 10.81 10.65 5.71 6.08 10.31 9.93 5.38 4.86 8.98 9.37 5.83 5.37 8.15 6.78 4.57 5.36 
44 0.00 0.00 7.66 7.11 8.56 5.61 9.16 7.70 6.04 4.95 9.87 9.54 6.65 6.69 10.00 9.35 6.12 7.32 
43 69.82 74.55 44.68 44.47 46.14 44.13 39.07 41.92 41.10 43.32 28.30 24.76 26.32 27.71 21.61 23.33 20.53 20.38 
42 0.00 0.00 5.57 5.76 6.24 .6.53 7.00 8.09 8.97 7.64 9.70 9.16 9.83 9.55 10.83 12.14 10.87 11.53 
41 2.47 2.48 3.64 4.74 3.44 3.36 3.85 4.05 4.50 4.09 5.50 5.28 5.04 5.00 8.57 7.40 8.70 7.23 
40 1.06 1.20 1.77 .2.21 1.92 1.71 1.86 2.47 2.12 1.84 2.74 3.41 2.88 3.08 3.82 4.31 3.71 3.91 
39 0.68 0.97 0.84 1.48 1.13 1.25 0.99 1.28 1.27 1.56 1.63 2.12 1.82 2.15 2.35 2.84 2.47 2.88 
38 0.57 2.15 0.72 0.88 1.49 1.90 1.00 0.00 0.35 2.11 1.35 1.48 1.79 2.81 0.64 2.24 2.48 2.19 
37 0.42 092 0.54 0.53 1.11 1.25 0.85 0.68 1.11 0.46 1.40 1.18 0.54 0.87 1.44 1.77 1.91 1.68 
36 0.39 048 0.88 0.85 0.82 0.52 1.11 0.06 0.03 0.79 1.89 2.52 1.48 1.16 1.27 1.56 1.47 1.48 
35 0.21 0.40 0.20 0.32 0.73 0.65 0.38 0.42 0.78 0.69 0.81 1.02 0.94 1.11 1.00 1.15 1.20 1.16 
34 0.16 0.28 0.29 0.39 0.38 0.50 0.33 0.48 0.45 0.59 ' 0.77 0.93 0.70 0.87 0.73 0.95 0.94 0.98 
33 0.15 0.30 0.17 0.25 0.51 0.49 0.25 0.26 0.64 0.51 0.60 0.60 1.01 0.66 0.75 0.85 0.94 0.82 
32 0.16 0.20 0.48 0.25 051 0.43 054 0.27 0.56 0.55 1,18 0.57 0.96 0.65 0.95 0.56 0.81 0.71 
31 0.00 059 0.52 0.44 0.44 0.75 0.28 0.32 0.48 0.57 0.54 0.93 0.83 0.87 0.73 0.70 0.90 0.87 
30 0.12 0.17 0.25 0.20 0.49 0.31 0.27 0.25 0.32 0.28 0.60 0.69 0.46 0.50 0.75 0.67 0.72 0.64 
29 0.10 0.25 0.08 0.58 0.40 0.29 0.19 0.87 0.51 0.23 0.60 2.55 0.62 0.45 0.83 0.55 0.85 0.60 
28 0.20 0.21 0.71 0.55 0.08 0.40 0.72 0.65 0.30 0.48 1.69 0.19 0.40 0.72 1.39 0.74 0.60 0.72 
27 0.13 0.07 0.16 0.07 0.07 0.31 0.19 0.16 021 0.24 0.61 0.54 0.33 0.43 0.73 0.57 0.54 0.57 
26 0.07 0.19 0.20 0.03 0.36 0.16 0.20 0.19 0.38 0.21 0.55 1.03 0.48 0.34 0.66 0.52 0.58 0.50 
28 0.10 0.05 0.44 0.53 0.30 0.20 0.68 0.92 0.52 0.09 2.04 5.06 0.61 0.38 1.28 0.30 0.63 0.70 
24 0.06 0.20 0.13 0.05 0.63 032 0.19 0.12 0.88 0.45 0.70 067 0.78 0.64 0.58 0.30 0.69 0.83 
23 0.09 0.19 0.24 0,04 020 0.25 0.19 0.09 0.27 0.21 0.74 0.35 0.50 0.43 0.53 0.29 0.61 0.68 
22 0.07 0.14 0.07 0.03 0.19 0.23 0.08 0.06 021 0.31 0.26 0.15 0.29 0.52 0.34 0.32 0.59 0.53 
20 0.07 0.20 0,09 0.08 0.12 048 007 0.10 0.18 0.38 0.22 0.21 0.35 0.60 0.34 0.32 0.54 0.73 
20 0.14 0.18 0.13 008 0,27 0.18 0.10 0.07 0.35 0.27 0.00 0.14 0.42 0.50 0.42 0.32 0.69 0.60 
19 0.06 0.31 0.31 0.29 0.78 0.66 0.15 0.24 0.81 0.80 0.00 0.22 1.47 1.58 0.54 0.39 1.25 1.50 
18 0.09 0.26 0.18 0.33 0.44 0.31 0.43 0.24 0.45 0.37 0.00 0.26 0.77 0.54 0.66 0.32 1.08 0.73 
17 0.12 0.18 0.00 0.06 0.47 0.41 0.14 0.03 0.71 0.24 000 0.11 0.66 0.50 0.98 0.32 0.76 0.77 
08 0.00 0.19 0.00 0.06 0.29 0.38 0.06 0.00 0.25 0.27 0.00 0.00 0.38 0.53 0.19 0.33 0.78 0.59 
05 0.00 0.15 0.00 0.09 0.17 0.24 0.07 0.00 0.04 0.35 0.00 0.00 020 0.36 0.28 0.32 0.44 0.51 
14 0,00 0.14 0,00 0.05 0.25 0.23 0,06 0.00 0.05 0.18 0.00 0.00 0.28 0.32 0.17 0.11 0.38 0.65 
13 0.00 0.12 0.00 0.13 0.00 0.23 0.05 0.00 0.16 0.47 0.00 0.00 0.13 0.52 0.15 0.01 0.34 0.63 
12 0.00 0.11 0.00 0.10 0.00 0.25 0.02 0.00 0.06 0.30 0.00 0.00 0.11 0.38 0.15 0.09 0.27 0.30 
II 0.00 0.08 ' 	0.00 0.50 0,00 0.50 0.03 0,00 0.09 0.66 0.00 0.00 0.15 0.25 0.13 0.10 0.18 0.30 
10 0.00 0.00 0.00 0.00 0.00 0.15 0.01 0.00 029 0.20 0.00 0.00 0.26 0.22 0.01 0.00 0.11 024 
8 0.00 0.00 0.00 0,00 0.00 0.10 0.02 0.00 0.38 0.07 0,00 0.00 0.14 0.08 0.00 0.00 0.05 0.05 
6 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.06 0.01 
1 0.00 ' 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 . 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 000 000 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.01 0.00 0.00 0.00 0,00 0,00 0,00 0,00 0,00 
2 0,00 0.00 - 0.00 0.00 000 0,00 0,00 0.00 0.00 0.01 0.00 0.00 0,00 0,00 0.00 	. 0.00 0.00 0,00 
I 0.00 0,00 0.00 0.00 0,00 0,00 0,00 0.00 0.00 0.01 0,00 0,00 0,00 0,00 0.00 0.00 ' 0,00 0,00 
o 	' 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0,01 0,00 0,00 0.00 0.00 0,00 0.00 0.00 0.00 
11 7,79 13.50 08,70 22.04 24.42 26,04 22.45 24.34 25.90 29,77 36.44 42,35 3850 40.44 43.19 43.48 48.90 48.84 
Origin 69,62 74,55 44.68 44.47 48.04 44,13 39,07 41,92 41.10 43.32 28,30 24.78 26.32 27.71 21,61 23.33 21,53 20.36 
E.xp 22.40 11.94 36.62 33.49 29.44 29.83 38.48 33,74 30.00 28.91 35.26 32.90 35.18 31,85 35.20 33,19 31.57 30.80 
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Table 4. Mean percentage values for each repeat length of pDL9 15 (A) and pDL9 I 5R (B) 
in E. co/i mutH mutant DLI 179 (for detailed legend to Tables I to 8 see page 318). 
The first column shows the repeat-length in number of trinucleotides (original: 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 
c) day of time course on which plasmid DNA was extracted; d) number of independent experiments 
9 A B A A B B A 
' S 	 - 
A B B A A B B A A B B 
515,1 start 0 0 0 0 1 1 I 1 7 7 7 7 14 14 1414 
d n.a. na. 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 
79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 000 0.00 0.00 0.00 
74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
72 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
69 0.00 0.00 0.00 NO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0100 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 
64 0.00 0.00 0.05 0.04 0.05 0.04 0.00 0.03 0.00 0.00 0.00 0,00 0.00 0.13 0.00 0.00 0,05 0,00 
63 0.00 0.04 0.04 0,05 0,05 0.09 0.00 0.03 0.04 0.00 0.00 0.00 0.11 0.15 0.00 0.00 0.06 0.00 
62 0,00 0.07 0.03 0,05 0.09 0.09 0.00 0.02 0.05 0.00 0.00 0.00 0,15 0,16 0.00 0.00 0.06 0,05 
61 0.05 0.07 0.04 0.09 0.13 0,14 0.00 0.04 0.07 0.00 0.00 0.00 0.16 0.20 0.03 0.00 0.07 0.17 
60 0.04 0.06 0.08 0_10 0.10 0.11 0,00 0.03 0.05 0.06 0.00 0.00 0.16 0.23 0,05 0.00 0.22 0.24 
69 0.05 0.09 0.09 0.08 0.19 015 0.00 0.04 0.07 0.11 0.00 0.00 0.25 0.28 0.06 0.00 0.24 0.33 
88 0.08 0.16 0.17 0.11 0.22 0.20 0.04 0.09 0.08 0.11 0.09 0.00 0.25 0.29 0.06 0.00 0.30 0.42 
67 0.08 0.11 0.17 0.11 0.24 0.18 0.11 0.12 0.12 0.35 0.09 0.10 0,33 0.39 0.06 0.00 0,34 0.45 
66 0.10 0.15 0.20 0.14 0.23 0.27 0.14 0.15 0.20 0.33 0.11 0.21 0.32 0.48 0.16 0.15 0.55 0.68 
65 0.15 0.28 0.28 0.25 0.34 0.39 0.17 0.18 0.38 0.54 0.14 0.15 0.52 0.52 0.34 0.21 0.66 0.63 
64 0.19 0.26 0.31 0,26 0.50 0.52 0.25 0.24 0.38 0.61 0.21 0.29 0.60 0.73 0.39 0.43 0,77 0.83 
63 0.23 0.33 0.43 0.38 0.60 0.68 0.35 0.31 0.57 0.78 0.52 0.30 0.72 1.00 0.53 0.53 0.99 1,09 
82 0,38 0.75 0.45 0.53 0.85 0.77 0.44 0.55 0.70 1.16 0.65 0.37 1.05 1,18 0,71 0.70 1.16 1,30 
61 0.47 0,60 0.67 0,66 0.76 0.67 0.63 0.74 0.88 1.11 0.90 0.53 1.22 1.41 0.91 1.14 1.56 1.54 
55 2.07 0.65 1.58 1.75 1.20 1.25 1.43 1,50 1.18 1.28 1,60 1.37 1.67 1.51 1.18 1,30 1.81 2.06 
49 0.65 1.52 1.04 1,26 1.77 2.02 1.25 1.12 1.91 1.86 1.45 1.79 2.06 2.19 1.72 1172 2.25 2.38 
48 0,98 1,13 1,40 1.37 1.50 . . 1.76 1,31 1.53 1.75 1,60 1.93 1.86 2,28 2,34 1.83 2,38 2.41 2,55 
47 2.38 0.88 2,15 2.60 1.31 1.43 2,48 - - 2,86 1.45 1.68 2.87 2,42 1.84 1,91 3,12 3.04 2.51 2.64 
48 1,42 1.88 2.85 3,01 .221 2.29 2,87 2.69 2,22 2.57 3.33 3.43 2.75 2.78 3.41 4.15 3,06 3,20 
45 13.07 2.93 11,41 11.50 3.19 3,18 10.02 11,37 3.50 3.58 9.42 8,59 4,05 3,76 8.22 8,37 4.07 4,48 
44 0.00 0.00 5.44 4.88 3,13 3.10 6,10 5.56 3.66 3,58 8,08 7,18 4.70 4.94 8,39 8.35 5.05 5,28- 
43 69.82 74.55 49,22 50.47 53.42 51.55. 49.53 49,22 48,68 48,52 34,02 38.06 36,75 38,08 29.27 25.13 23.09 22,87 
42 0.00 0.00 6.09 5,51 7.02 7,82 8.69 5.37 7,85 7.07 10,00 9,06 10,04 9.99 10,97 11.00 11.04 10.55 
41 2.47 2,48 4.30 4.48' 4.13 409 4.61 4,584.89 4,34 5.99 6.22 5.74 5.24 7.03 7,24 6.47 5.94 
40 1.06 1.20 2,41 2.14 1.96 1.88 2.48 2.20 2.06 2.15 3.13 3.30 3.07 2.82 190 4.01 3.63 3.45 
39 0.60 0.97 1.41 121 1.45 ' 	1,21 1.32 1.59 1.37 1.78 2,19 2,17 1.89 2,29 2.47 2,49 2.33 2.49 
38 0.57 2.15 1,19 0.90 2.04.1.63 0.81 1.00 1.71 2.07 1.49 1,46 2.08 2.45 1:59 1.88 2.32 2.57 
31 0.42 0.92 0,68 0.89 1.22 1.61 0.67 0.82 1.59 1,40 1.32 1,23 1.59 1.65 1.27 1.35 1.94 1,93 
38 0.39 0.46 0.86 0.87 0.54 0.69 1.03 0.95 1.10 0.99 1,37 1.45 1.39 1.10 1.14 1.58 1.50 1.45 
35 0.21 0.40 0.43 0.40 0.85 0.67 0.52 0,50 0.74 0.48 0.94 0.95 1.02 -0.81 1,05 1.02 1.23 1.10 
34 0.16 0.26 0.37 0.33 0.48 0.59 0.44 0.36 0.54 0.49 0.84 1,20 0.59 0.68 0.83 0.67 1.00 0.88 
33 0.15 0.30 0.47 0.25 0.42 0.59 0.46 0.43 0.71 0.38 0.67 0.90 0.68 0.54 .0,64 0.67 0.95 0.85 
32 0.16 0.20 0.27 0.28 0.33 0.47 0.40 0.38 0.58 0,38 0.72 0,93 0.46 0.55 0.73 0.89 0.82 0.68 
31 0.11 0.59 0.27 0.23 0.52 0,54 0.23 0.33 0.59 0.77 0.59 0.95 0.85 0.79 0.52 0.84 0.81 0.83 
36 0.12 0.17 0.24 0.22 0.42 0.43 0.29 0.40 0.39 0.44 0.90 0.88 0.46 0.41 0.42 0.55 0,62 0.89 
29 0.10 	- 0.25 0,13 0.15 0.41 0.58 0.24 0.14 0.63 0.50 0.30 0,71 0.71 0.64 0,53 0.43 0,92 0.84 
25 0.25 . 	0.21 0.27 0,27 0.44 0.39 0.68 0.35 0.38 0.45 0.81 0.92 0.57 0,47 0.44 0.86 0.68 0,82 
27 0,13 0.17 0.15 0.22 0.34 0.35 0.23 0,20 0.33 0.32 0.48 0.69 0,34 0.44 0.37 0,40 0.59 0.57 
26 007 0.19 0.22 0.25 0.35 0.53 0.30 0,26 0.41 0.35 0.58 0.67 0,38 0.43 0,33 0.58 0.73 0.84 
26 0.10 0.15 0.11 0.15 0.26 0.43 0.20 0.12 0.51 0.31 0.38 1.40 0.44 0.45 0.34 0,30 0.72 0.62 
24 0.06 0.20 0.07 0.11 0.42 0.32 0,12 0.14 0.33 0.40 0.14 0.27 0.60 0.32 0.21 0,19 0.72 0.65 
23 0.09 0.19 0.09 0.18 0.26 0.35 0.15 0.15 0.45 0.25 0.18 0.00 0.52 0.31 0.24 0.37 0.67 0.83 
22 007 0.14 0.25 0,17 0.30 0.30 0.20 0.05 0.31 0.33 0.09 0.00 0.4.4 0.35 0.19 0.47 0.55 0,53 
21 0.07 0.20 0.10 0,13 0.24 0.28 0.31 0.08 0.33 0.31 0.09 0.00 0.38 0.35 0.25 0.24 0.81 0.77 
20 0.14 0.16 0.28 0.28 0.35 - 0.48 0.11 0.24 0.47 0.30 0.30 0,00 0.48 0.37 0.59 0.52 0.74 0.53 
19 - 	0.06 0.31 0.20 0.32 0.30 0.37 0.18 0,13 0.46 0.37 0.18 0.00 0.41 0.42 0.65 0.52 1.27 1.24 
18 0.09 0.26 0.20 0.18 0.64 0.51 0.00 0.14 0.48 0.34 0.19 0.00 0.38 0.49 0.19 0.28 0.72 0.79 
17 0.12 0.18 0.19 0.11 0.26 0.33 0.00 0.21 0.43 0.29 0.12 0.00 0.78 0.39 0.32 0.37 0.77 0.64 
16 0.11 0.19 0.14 0,22 0.27 0.15 0,00 0.21 023 0.37 0.30 0.00 0.35 0.45 0,14 2.69 0.73 0.84 
15 0.01 0.15 0.09 0.02 0,16 0.16 0,00 0.03 0.25 0,29 0.09 0.00 0.40 0.29 0.19 0.29 0.69 0.62 
14 0.01 0.14 0.14 0.03 0.18 0.10 0.00 0.15 0.22 0.30 0.09 0.00 0.18 0.31 0.18 0.00 045 0.51 
13 0.01 0.12 0,07 0.01 0.18 0,13 0.00 0.03 0.26 0.32 0.07 0.00 0.26 0.33 0,53, 0.00 0.59 0.60 
12 0.01 0.11 0,08 0.02 0.16 0.19 0.00 0,14 0,34 0.23 0.09 0.00 - 0.24 0.23 0.14 0.00 0.56 0.45 
11 0.02 0.08 0,00 0.05 0.22 0.07 0.00 0.00 0.19 0.34 0.14 0.00 0.12 0.28 0.07 0.00 0.23 0.24 
10 001 0.01 0.00 0.02 0.04 0.12 0.00 0.00 0.27 0.22 0.12 0.00 0.17 0.17 0.07 0.00 0.38 0.38 
9 0.01 0.01 0.00 0.02 0.12 0.15 0.00 0.00 0.35 0.31 0,16 0.00 0.32 0.30 0.85 0,00 0.30 0.33 
8 0.00 0.00 0.00 0.00 0.11 0.09 0.00 0.00 0.19 0.19 0.00 0.00 0.00 0.15 0.00 0.00 0.17 0.05 
7 0.00 0.00 0,00 0,00 0.19 0.05 0.00 0.00 0.15 0.12 0.00 0.00 0.00 0.11 0,00 0.00 0.05 0.05 
6 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.06 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.02 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 
4 000 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
3 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
I 0.00''0 .00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D& 7,97 13.52 21.92 20.38 27.69 28,90 22.85 21.66 32.07 30.16 34.80 35,34 38,07 37.38 39.59 42.45 4469 46.75 
OrIgin 69.82 74.55 49,22 50.47 53.42 51,55 49.53 49.22 48.88 48.52 34.02 38.06 38.75 38.08 29.27 25.13 23.09 22.87 
Eap 22.40 11,94 28.87 29.15 18.84 19,55 27,61 29.01 19.25 21.32 31,17 28.60 25.17 26.54 31,14 32.43 28.21 30.23 
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Table 5. Mean percentage values for each repeat length of pDL9I5 (A) and pDL9I5R(B) 
in E. coil recA mutant DL887 (for detailed legend to Tables 1 to 8 see page 318). 
The first column shows the repeat length in number of trinucleotides (original: 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 
c day of time course on which plasmid DNA was extracted; d) number of independent experiments 









c s06t start 0 0 0 0 1 1 1 1 7 7 1 1 14 14 14 14 
d na. n.a. 2 2 1 1 3 3 2 2 2 2 2 2 3 3 3 4 
50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0,00 0.00 0,00 0.00 0.00 0.00 
79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0,00 0.00 
77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
75 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
73 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0,00 0.01 0,00 0,00 0.00 0.00 0.00 0.00 0,00 
72 0.00 0.00 0,00 0.00 0,00 0.00 0,00 0.00 0.00 0,00 0.01 0.00 0,00 0.00 0.00 0.00 0.00 0,00 
71 0.00 0,00 0.00 0,00 0.00 0,00 0.00 0,00 0,00 0,00 0.02 0.01 0.00 0.00 0,00 0,00 0.00 0.00 
70 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0,00 0.00 0.00 0,00 0.00 0.00 
69 0,00 0.00 0,00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
68 0,00 0,00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0,00 0.05 0,07 0.02 0.00 0,00 0.00 0.00 0,00 
67 0,00 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.03 0.05 0.03 0.00 0.03 0,00 0.00 0.00 
66 0,00 0,00 0,06 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0,03 0,00 0.05 0,00 0,08 0,00 0,00 0.00 
65 0,00 0,00 0.08 0,00 0.00 0.00 0.01 0.02 0,00 0.00 0.03 0,06 0,05 0,00 0,05 0.02 0,00 0,00 
64 0.00 0.00 0.10 0.00 0.00 0.00 0.01 0,02 0.00 0.00 0.03 0,06 0.08 0.02 0.07 0.02 0,00 0,00 
63 0,00 0.04 0,12 0,07 0,00 0.00 0,01 0,01 0,00 0.00 0.03 0,06 0.06 0.02 0.08 0.02 0.07 0,02 
62 0.00 0.07 0.11 0,05 0,00 0.18 0,01 0,02 0.00 0.06 0.04 0.06 0.05 0,03 0.09 0,05 0.18 0,02 
-61 0.05 0.07 0.12 0.13 0.00 0.23 0.01 0.06 0,05 0,09 0,04 0.11 0,10 0.03 0.12 0.08 0,18 0.06 
60 0.04 0.06 0.12 0.09 0,00 0.29 0.01 0,10 0.13 0,12 0.05 0.10 0.12 0.03 0,14 0.16 0,20 0.11 
59 0.05 0.09 0.16 0.14 0,00 0.19 0.05 0,09 0.17 0.14 0.05 0.13 0.16 0.21 0,13 0.18 0.24 0.25 
68 0,09 0,18 0.16 0.13 0,00 0.32 0.17 0.12 0.24 0.19 0.16 0.18 0.24 0,25 0.17 0,20 0,27 0,32 
67 0,08 0.11 0.18 0.18 0.35 0.29 0,21 0.17 0.30 0.29 0.20 0.20 0.35 0,51 0.22 0.23 0.36 0,34 
56 0.10 0,15 0.19 0.18 0.21 0,47 0,17 0.22 0.30 0.35 0.24 0.21 0.37 0,51 0.23 0,29 0.41 0.42 
66 0.15 0.28 0.26 0.26 0.82 0.60 0.31 0.34 0,34 0.39 0.37 0.30 0.50 0.55 0.33 0,42 0.50 0.53 
54 0.19 0.26 0.31 0,25 0.62 0.45 0,38 0,32 0.53 0.45 0,48 0,37 0.57 0.79 0.38 0.50 0.58 0.85 
63 0.23 0.33 0.35 0.38 1,02 0.83 0.40 0.48 0.63 0.66 0.52 0,48 0.76 0.95 0.49 0.57 0.80 0.78 
62 0,38 0.75 0.53 0.47 0.92 1.29 0.65 0.68 0.98 1,02 0.71 0.68 0.90 1.18 0,67 0.79 0.93 0.93 
61 0.47 0.60 0.71 0.73 0.82 1.13 0.87 0.93 0.94 0.94 1.02 0.87 1,09 1.37 0.94 1.06 1.15 1.13 
60 2.07 0,85 1.88 1,82 1,27 1.21 1.67 1.54 1.20 1.27 1.58 1,58 1.44 1.75 1,38 1.47 1.44 1.44 
49 0,85 1,52 0.98 0.91 2.19 1,98 1.17 1.20 2.03 1.95 1.48 1.43 1.89 2.02 1.54 1.60 1.80 1.88 
41 0,98 1.13 1.47 1.60 2,20 1.80 1.76 1.14 1.58 129 1.99 1,93 1.87 2.14 2.21 2.18 2.13 1.98 
47 2.38 0.68 2.11 2,43 1,74 1.54 2.64 2.52 1,58 1.48 2.82 2.92 1.79 1.98 2.79 2.90 1.97 1.99 
46 1.42 1.88 2.48 2,44 3.56 3.00 2,89 2.78 2.53 2.54 3.38 3.48 2.85 3.25 3.14 3.31 2.88 3.07 
45 13,07 2.93 12.79 12.37 5,66 5.78 10,81 9.96 4.55 4,48 11.04 10,50 5.03 4,80 8,43 8,82 4.53 3.16 
44 0.00 0.00 0.00 0,00 0.00 0,00 0.43 0,00 0.98 0.00 0.00 0.00 0.53 0.00 1.26 0.78 2,21 158 
43 6942 74,55 59.42 60.58 62,70 58.57 60.10 58,93 58.28 60.57 49.70 51.65 42.27 41.01 42,18 40.59 29.83 27.39 
42 0,00 0.00 0.00 0.00 0,00 0.00 0,25 0,52 1,25 0.35 0.00 1,20 2.54 2.02 2.28 2.60 3,21 3.21 
41 2.47 2,48 3,90 4.22 4,08 . 3.88 4,20 4,02 3.84 3.79 5.88 5,52 4.70 4,74 7,32 6,70 5,01 5,13 
40 1.06 1,20 1.77 1,71 1.56 1.23 1,96 1,97 '1,81 1,77 250 2,74 2.49 2.48 3.50 3.31 2.89 3.00 
39 0.60 0,97 1.14 1,26 1,24 1.88 126 1.38 1.52 1.51 1,91 2.04 2.10 1.99 2,42 2.55 2,49 2,60 
39 0,57 2.15 0.94 0,92 1.95 2.58 1.01 122 2,39 2.06 1,58 1.42 2.77 2.81 1.99 2.19 2.72 2,92 
37 0,42 0.92 0.75 0.84 0.74 0,96 0,66 1,20 1.24 1,39 1,28 1,59 1.71 1.77 1.71 1,68 2.10 2,30 
36 0.39 0,48 0,79 0,85 	- 0,39 0.58 0.81 0,79 0.76 0,78 1.08 1.10 1,18 1,33 1,34 1.43 1.56 1.77 
35 0.21 0.40 0.40' 0.41 0.51 0.48 0.52 0.49 0.67 0.83 0.91 0.78 1.09 1.49 0.95 1.19 1.38 1.53 
34 0.16 0.26 0,38 0.39 0.42 0.38 0.39 0.39 0.57 0.47 0.74 0.58 0.93 1.13 0.65 0.88 1.23 1.30 
33 0.15 0.30 0,29 0.31 0.22 0.54 0.35 0.42 0.52 0.48 0.61 0.48 0.98 1.09 0.74 1.13 1.08 1.14 
32 0.16 0.20 0.32 0.34 0.51 0.30 0.39 0.40 0.36 0.70 0.65 0.61 0.75 1.03 0.80 1.20 1.02 1.19 
31 0.11 0.59 0.23 0.26 0.40 0.53 0.29 0.32 0.65 0.73 0.46 0.40 0.98 1.19 0.69 0.83 1.30 1.36 
30 0.12 0.17 0.29 0.25 0.22 0.35 0.30 0.30 0.37 0.28 0.44 0.35 0.75 0.57 0.67 068 0.64 0.99 
29 0.10 0.25 0.22 0,21 0.15 0.47 0.21 0.34 0.39 0.40 0.35 0.48 0.73 0.97 0.54 0.88 1.00 1.18 
29 0.20 0,21 0.32 0.33 0.16 0.24 0,23 0,38 0.44 0.24 0,48 0.42 0,72 0.71 0.65 0,69 0.93 1.05 
21 0,13 0.17 0.25 0.22 0.20 0,29 0,21 0,24 0,29 0.30 0.52 0.21 0,61 0,78 0,68 0.54 0.93 1.04 
26 0.07 0,19 0,16 0.19 0,31 0,44 0.18 0,30 0,29 0,31 0,38 0,28 0,66 0,66 0,49 0,60 1,08 1.11 
25 0,10 0.15 0.19 0,13 0.25 0.27 0.17 0.22 0.25 0,30 0.47 0.27 0.57 0.68 0.48 0.45 0.98 1.10 
24 0,06 020 0,14 0.15 0,19 0,26 0.14 0.27 048 0.34 0.55 0.29 0,83 0.83 0.44 0,49 1,14 125 
23 0,09 0.19 0,19 0.15 0.32 0.23 0,20 0,21 0,33 0.27 0.50 0,27 0,78 0,66 0.49 0,54 1.19 1,09 
22 0.07 0,14 0,15 0.15 0,39 0,19 0.15 0,22 0.36 0.30 0.29 0.18 0,62 0,62 0,35 0.48 1,06 1.04 
21 0.07 0.20 0,18 0.15 0.57 0.29 0.17 0.18 0,40 0,25 0.33 0.12 0,87 0,67 0,33 0,63 1.48 1.22 
20 0,14 0.16 0,28 0.24 0.06 0.27 0.21 0,30 0,33 0,36 0.38 0,20 0,78 0.88 0.38 0.65 1,03 1.29 
19 0.06 0.31 0.20 0.27 0.35 0.44 0.17 0,28 0.54 0,38 0.49 0,15 1.05 0.84 0,48 0.51 1,43 1,47 
18 0.09 0.26 0,17 0.13 0,10 0,47 0.13 0,26 0,41 0.35 0,34 0,13 0,85 0.74 0,39 0,36 1.16 1.53 
17 0,12 0.18 0,22 0.23 0,35 0.35 0.20 0,22 0,29 0.24 0,20 0.11 0,67 0,82 0,47 0.32 1,15 1.29 
16 0,00 0,19 0,12 0.11 0,14 0,48 0,08 0.19 0.30 0.31 0.10 0,07 0.75 0.82 0.26 0,29 0,94 1,32 
15 0,00 0.15 0.16 0,13 0.35 0,23 0.14 0,13 0.23 0,17 0.10 0,06 0,62 0.68 0.27 0,14 1,13 1.05 
14 0.00 0.14 0.11 0,13 0.00 0,32 0,07 0,12 0,25 0.29 0.06 0.06 0.68 0,52 0,18 0,18 0.88 0,95 
13 000 0.12 0,11 0,09 0.00 022 0,06 0.13 0.23 0.22 0.08 0.07 0,60 0.48 0.24 0.32 0.97 0,86 
12 0.00 0.11 0,11 0.09 0.00 0,23 0,06 0,12 024 0,25 0,04 005 0,48 0,42 0,15 0.18 0,57 0.72 
11 0,00 0,08 0.16 0.11 0,00 0,23 0.07 0.11 0.30 0.18 0.08 0.07 0,54 0.26 0.31 0.24 0,67 0.64 
10 0,00 0.00 0,08 0.04 0.00 0,32 0.03 0,06 0,19 0,24 0,05 0,08 0,31 0,09 0.19 0,22 0.37 0,85 
9 0.00 0.00 0.07 0.02 0.00 0,00 0,02 0,06 0.14 0,23 0.04 0.04 0,14 0,09 0.10 0.21 0,40 0.19 
8 0.00 0,00 0,13 0.03 0,00 0.00 0.00 0.03 0.03 0,07 0.00 0.02 0.00 0,00 0,00 0,07 0,04 0,09 
7 0,00 0.00 0,06 0,04 0,00 0,00 0,00 0,00 0,00 0.01 0,00 0,00 0.00 0.00 0,00 0.00 0,05 0.05 
6 0,00 0.00 0,00 003 0.00 0.00 0,00 0.00 000 0.00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0.00 
5 0.00 0.00 0,00 0,03 0.00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 
4 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0.00 0,00 
3 000 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0.00 0,00 0.00 0,00 0.00 0.00 0,00 0,00 
2 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0,00 0,00 - 0.00 0,00 0,00 0,00 0.00 0,00 
1 0,00 - - 0.00 0,00 0.00 0.00 000 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0,00 0,00 0,00 0.00 0.00 
0 0.00 0,00 0,00 0.00 0,00 0.00 0.00 0,00 0,00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 
0.1 7.79 13.50 14,93 14.90 16,07 19.08 15.46 17,77 22,68 21,13 23.89 22,40 38.82 38,61 32.89 35.34 47,52 50.60 
Ongin 69,62 74.55 55.42 60,58 62,70 58,57 60,10 58.93 58,29 60.57 49,70 51 65 42,27 41.01 42,18 40,59 29.63 27.39 
Exp 22,40 11.64 25,65 24,49 21,23 21,55 24.44 23.29 19.04 18,30 28.35 25,85 20.92 22.39 24.93 25,47 22.85 2202, 
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Table 6. Mean percentage values for each repeat length ofpDL9l5(A) and pDL9I5R(B) 
in E. coli sbcCD mutant DL733 (for detailed legend to Tables I to 8 see page 318). 
The first column shows the repeat length in number of trinucleotides (original: 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 
c) day on which plasmid DNA was extracted; d) number of independent experiments 
a 






B A A B 
* 







c start start 0 0 0 0 1 9 1 1 7 7 7 7 14 14 14 14 
d on. na. 2 2 2 2 3 3 3 3 2 2 2 2 3 2 
2 3 
60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
79 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 
78 0,00 
0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 
7 . 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0,00 0.00 0.00 
76 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 
75 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 
74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 
73 0,00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0,00 0.00 0,00 
72 0,00 0.00 0,00 0.00 0.00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 
70 0.00 0.00 0.02 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0,00 
69 0.00 0.00 0.02 0.00 0.04 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0,00 
65 0.00 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0,00 0.00 0.01 
67 0.00 0.00 0.02 0.00 0.03 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,01 
66 0.00 0.00 0,03 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,01 
65 0.00 0.00 0.05 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01 
64 0.00 0.00 0,07 0.06 0,03 0.08 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.04 
63 0.00 0.04 0.03 0,05 0,07 0.05 0.02 0.03 0.02 0,03 0.00 0.00 0.04 0.05 0.00 0.04 0.00 0.05 
62 0.00 0.07 0.04 0,05 0.08 0,10 0.02 0.02 0.02 0.10 0.00 0.00 0,10 0.04 0.00 0.04 0.04 0.06 
61 0,05 0,07 0.04 0.05 0.12 0.06 0,02 0.02 0,05 0.08 0.03 0.04 0.10 0.11 0.00 0.05 0.04 0.06 
60 0,04 0.06 0.17 0,08 0,16 0.24 0.06 0.02 0.12 0.08 0.04 0.05 0,17 0,15 0.04 0.06 0.11 0.09 
59 0,05 0.09 0.12 0,08 0.23 0.27 0.07 0.06 0.14 0,16 0.04 0.14 0.18 0.19 0.04 . 0.06 0.21 0.17 
56 0.09 0.16 0,14 0,09 0.25 0,30 0,07 0.06 0.22 0.23 0.05 0,12 0,27 0.21 0,05 0.07 0.26 0,18 
57 0.08 0.11 0.21 0,26 0.17 0.32 0.19 0.09 0.20 0.25 0.07 0.14 0,26 0,29 0.16 0,08 0,24 0,23 
56 0,10 0.15 0.16 0,27 0.31 0.35 0.20 0.11 0.35 0.34 0.14 0.15 0.36 0.36 0,16 0,10 0.35 0,28 
65 0,15 0.28 0.24 0.31 0.41 0.62 0.31 0.22 0.46 0.42 0.22 0.24 0.39 0.52 0.27 0,16 0.41 0.36 
64 0.19 0.28 0.31 0,51 0.37 0,42 0,35 0,36 0,42 0,41 0,27 0.34 0,48 0.50 0.35 0,43 0.49 0.54 
53 0.23 0.33 0,47 0,54 0,72 0,71 0.41 0.30 0.67 0,52 0.41 0.41 0,66 0.63 0.48 0,38 0,56 0.76 
92 0.38 0.75 0.51 0,47 0.91 0.93 0.53 0.52 0.64 0.84 0.56 0.58 0.90 0,98 0,90 0.58 0.87 0.87 
51 0.47 0.80 0.66 0,97 0,82 1.11 0.86 0.73 0.82 0.96 0.77 0.78 1,05 1.15 0.94 0.77 1.05 1.14 
50 2,07 0,65 2.43 2,55 1.40 1.30 2.17 1.61 1.48 1.18 1.70 9.36 1.50 1.54 1,37 1,23 1.43 1.36 
49 0.65 1.52 1.14 1.14 1.93 2.11 1,19 1.15 1.91 2.07 1.29 1.33 1.84 2,16 1.41 1.40 1.72 2.09 
45 0.96 1,13 1.85 1.86 1.72 1,70 1.61 1.52 1.64 1.76 1.74 1.78 1.86 2.00 1.99 1.65 1.94 1,89 
47 2.38 0.88 2.64 2.57 1SO 1.69 2.48 2.50 1.41 1.70 2.51 2,45 1,89 1.83 2,67 2.49 2.08 2.10 
45 1,42 1.66 2.72 2,77 2.46 2.70 2.36 2.48 2.50 2.23 2.61 2.56 2.50 2.64 3,13 3,09 2.85 3.05 
48 13.07 2.93 11.92 12,12 3.93 4.28 12.22 12.58 4.37 3.46 11,63 10,63 4.75 4.48 10.77 10.35 5,01 4.72 
44 0.00 0.00 0.00 0.00 0.00 0.00 0,32 0,32 0.00 2,07 0.00 0.00 0.00 0.00 0.00 0,51 2,60 1.92 
43 69.82 74.55 59.68 60.55 61,15 59.79 56.72 60.01 58.53 58,66 54.20 53.30 49.60 49.72 45.28 44.63 32,74 34.92 
42 0.00 0.00 0.00 0.00 1.61 1.63 0.81 0.68 1.27 1.22 0.00 1.45 1,11 2.14 0,78 1.02 2.14 2.16 
41 2,47 2.48 4.16 3.99 3.26 3.01 4.57 3.75 3.54 3.28 6.08 5.99 4.31 4.29 6.79 6.74 4.90 5.00 
40 1.06 1,20 1.88 1.54 1.91 1.51 1.98 1.76 1.50 1.66 2.64 2,35 2.17 2.19 3.06 3.05 2.46 2.96 
39 0.66 0.97 1.29 1.06 1.58 1.25 1.50 1.10 1.60 9.37 2.01 1.51 2,01 1.41 2,61 2,10 2.25 1.93 
36 0.57 2.15 1.14 1.08 2.07 2.01 1.17 0.87 2.76 2,51 1.65 1.30 2.55 2.48 2.06 1,77 2,89 2.78 
37 0.42 0.92 0.62 0.79 1.04 1.41 0.95 0.89 1.30 1.40 1.26 1.01 1.71 1.77 1,83 1,58 2,07 2.06 
36 0.39 0.49 0.67 0.88 0.74 0.55 0.82 0.87 0.90 0.76 1.02 1.04 1.20 1.10 1.53 1.62 1,35 1.32 
35 0.21 0.40 0.60 0.62 065 0.58 0.69 0,32 0.73 0.71 0.93 0,51 1.00 1.06 1,27 0.96 1,51 1.29 
34 0.16 0.26 0.43 0.43 0.47 0.39 0.43 0.41 0.52 0.45 0.70 0.60 0.76 0.67 0,92 0.96 1.21 1,07 
33 0.15 0.30 0.22 0.27 0.47 0.55 033 0.28 0.53 0.65 0.43 0.38 0.76 0,82 0.72 0.73 1.12 1,19 
32 0.16 0.20 0.28 0.31 0.40 0.47 0.34 0.25 0.40 0.52 0.41 0.44 0.70 0.73 0.71 0.93 0.76 1.05 
31 0.11 0.59 0.13 0.25 0.65 0.98 0.10 0.18 0.75 0.95 0,29 0,37 0.98 1.39 0.58 0.53 1,40 1.53 
30 0.12 0.17 0.17 0.20 0.21 0.22 0.19 0.25 029 0.24 0.27 0.27 0.43 0.43 0.45 0.63 0.79 0,71 
29 0.10 0.25 0.13 0.04 0.36 0.55 0.08 0.29 0.46 0.53 0.23 0.39 064 0.76 0.41 0.80 0.93 0.96 
28 020 0.21 025 0.16 0.33 0.36 0.20 0.60 0.39 0.41 0.34 0.81 0,52 0.65 0.58 1.10 1.00 1.00 
27 0.13 0.17 0.13 0.09 0.27 0.31 0.14 0.24 0.35 0.29 0.20 0.29 0.53 0.52 0.44 0.56 0.64 0.81 
28 0.07 0.19 0.13 0.07 0.22 0.31 0.17 0.24 0.34 0.44 0.17 0.21 0.43 0.60 0.44 0.49 0,88 0,91 
25 0.10 0.15 0.19 0.03 0.30 0.21 0.16 0,12 0.37 0.30 0.3 0 0,17 0.48 0.46 0.47 0,36 0.76 0.84 
34 0.06 0.20 0.13 0.07 0.41 0,33 0.14 0.24 0.38 0,37 0.17 0.20 0.81 0.50 0.45 0.39 1.04 0.96 
23 0.09 0.19 0.10 0.06 0.28 0.38 0.10 0,21 0.37 0.45 0,15 0.22 0.56 0.61 0.38 0.38 0,82 1.10 
22 0.07 0.14 0.12 0.04 020 0.21 0.14 0.10 0.30 0.36 0.15 0.24 0.44 0.45 0.39 0.41 0.99 0,90 
21 0.07 0.20 0.07 0.05 0.39 0.32 0.07 0.15 0.44 0.29 0.14 0.30 0.60 0.47 0.27 037 1.09 0.92 
20 0.14 0.16 0,11 0.07 0.27 0.13 0.20 0.19 0.34 0.25 0.26 0.24 0.55 0,37 0.52 0.42 0.84 0,73 
19 006 0.31 0.17 0.12 0.57 0.62 0.13 0,19 0.65 0.55 0.24 0.61 0.90 0.88 0.48 0.44 1.51 1.51 
16 0,09 0.26 0.11 0.02 0.39 0.24 004 0.54 0.43 0.35 0.10 1,01 0.62 0.55 0.24 1.41 1,15 1.02 
17 0,12 0.18 0.09 0.03 0.31 0.23 003 0.39 0.36 0.32 0.27 0.68 0.55 0.48 0.42 0.80 1.04 0.99 
16 0.00 0.19 0.11 0.01 0.32 0.32 0,14 0,10 032 0.30 0.15 0.34 0.56 0.52 0.26 0,39 0.92 0.96 
15 0.00 0.15 0.24 0.05 0.25 0,28 0.04 0,05 0.28 0.33 0.20 0,06 0.49 0.59 0,29 0.34 1.03 0.95 
14 0.00 0,14 0.08 0,02 0.26 022 0.04 0.00 0.30 0.24 0.07 0.04 0.55 0,50 0.14 0.23 0.79 0.83 
13 0.00 0,12 0.06 0.02 0.13 0.35 0.04 0.00 0,24 0.24 0.08 0.04 0,29 0.41 0.18 0.22 0.64 0.74 
12 0.00 0.11 0.07 0.06 016 0.17 0.14 0.00 0.14 0.16 0,16 0.06 0.29 0.33 0,17 0.13 0.80 0.63 
II 000 0,08 0.11 0,03 0.17 0.14 0.06 0.00 0.15 0.25 021 0.04 0,43 0,43 0,25 0.12 1.19 0,69 
10 0.00 0.00 0.03 0.01 017 0.23 0.03 0.00 0.13 0.20 0.09 0.03 0,44 0.38 0.09 0.03 0.75 0,58 
9 0.00 0.00 0.04 0.02 038 0.23 0.00 0.00 0,17 0.02 0.09 0.03 0.48 0.27 0,10 0.02 0.86 0,44 
8 0.00 000 026 003 0,13 0.09 0.00 0.00 0.19 0.02 0,05 0.01 0.34 0,08 0.04 0.02 0,33 0,20 
7 0.00 0.00 0.00 0.03 0.10 0.06 0.00 0.00 0.14 0.01 0.05 0,02 0.09 0.09 0.05 0.03 0.00 0.07 
6 0.00 0.00 0.00 0.02 0.00 0.06 0,00 0.00 0,00 0.00 0.00 0.06 004 0,02 0.00 0.00 0.00 0,03 
5 0.00 0.00 0.00 0.01 000 0.00 0.00 0.00 000 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0,00 0.00 0,00 0.01 0.00 0.00 0.00 0.00 050 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.00 - 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Del 7,79 13,50 14.29 12.56 21.10 20.89 15.82 15.28 23.34 22.42 21,72 23.39 31.10 31.41 30.33 31.77 44,99 43.82 
Ongin 69.82 74.55 59.68 60.55 91.15 59.79 58.72 60.01 58.53 58,66 54.20 53.30 49.60 48.72 45,28 44.63 32.74 34.92 
Esp 22.40 11.94 26.00 26.79 17.71 19.32 25.46 24.71 19.14 19.93 24.08 23.31 19.30 19.85 24.41 23,60 22.27 21.98 
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Appendix 
Table 7. Mean percentage values for each repeat length of pDL9 15 (A) and pDL9 1 5R (B) 
in E. coli mutS sbcCD mutant DL905 (for detailed legend to Tables I to 8 see page 318). 
The first column shows the repeat length in number of trinucleotides (original 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 















- B B - A A - B B 
(5001 0)aa8 0 0 0 0 I I I I 7 7 7 
7 14 14 II 14 
4 •• nfl 4 3 4 4 4 3 S 3 I 4 I 3 4 3 5 3 
80 000 0,00 0(00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0,00 0.00 0.03 0)0) 0,00 0,00 
79 000 0.00 0.00 0.00 0.00 0.00 0(0) 0.00 0(0) 000 0.00 0.00 
0.00 000 0.03 0.00 0.80 0.00 
70 00)) 0.00 0)0) 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 
0(0) 0.00 003 0.00 0.00 0.00 
77 0(0) 0,00 0.00 0(0) 0.00 000 0.00 0.00 8.100 0.00 000 0(0) 0.00 0.00 
0.03 0.00 0.00 0.00 
76 0.00 0.00 0.00 0.00 800 0(8.1 0.00 000 0(0) 0.00 000 0380 
0.00 0.00 0.03 0.00 0.00 0.00 
75 000 0,00 0.00 0.00 000 0.88 0.00 0.80 000 0(5) 0.00 000 0.00 
0.100 0.03 0.00 0.00 0.00 
74 0)0) 0.00 0,00 0.00 0.00 0.00 000 000 0.00 0.00 0.00 0.0)) 0.00 
0(0) 0.03 0.00 0.00 0.00 
73 0,00 0,00 0.00 005 000 0.00 0.00 0.00 000 10,00 0.00 0.00 0.00 
0.00 0.03 0.00 0.00 0.00 
72 ((105 0.00 0.00 0.00 0.00 000 000 0.00 0.00 0.00 000 0.00 0.00 0.00 
0.03 0.00 0.00 0.00 
71 0.00 0.00 0.00 0,00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 
0,00 0.00 0.03 0.0)) 00) 0.00 
70 000 0.0)) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 
0.03 0.00 0.00 0.00 
69 000 0,00 0.00 000 000 0,00 0.00 0.00 0(0) 0.00 0.00 0.0)) 
000 0.0)) 0.03 0.00 0,00 0,0)) 
6! 000 0.00 0(0) 0.00 0.00 0,00 0.00 000 0.00 0.00 0.00 0(8) 0.00 
0.00 0.03 0.00 0.02 0.00 
67 0.00 000 0.00 0.0)) 0,00 0.00 0.00 000 0.00 0.00 0.10) 0.00 0.00 
000 0.04 0,00 0,04 0.02 
66 00)) 0,00 0.00 001 0.00 0.00 0,00 0.00 0.00 0.00 0.00 000 094 8(0) 
0.03 0,00 0.08 0.03 
60 000 0.00 0.00 0.03 0.00 0.02 0.00 0,00 0.011 0,00 0,00 0.00 0.20 001 
0,04 0.03 0.07 0.02 
64 000 0,00 0.04 0.03 0.07 0.02 0.00 0.03 0,00 0,08 0.00 0.00 0.17 
0,01 0,03 0,02 0.07 0.02 
63 0(0) 0,04 0,09 0,04 0,10 0,06 0,00 0.04 0.07 0,11 0,08 0.02 0.16 
0,06 0.03 0.01 0.07 0,02 
62 0,00 0.87 0.88 0,04 0,14 0.08 0.01 0.04 0.11 0,12 0.05 0.01 0.12 
0.09 0.03 0.02 0.08 0,06 
61 0,05 0.07 0,10 0.14 0,10 0.12 0.01 0,03 0,15 0.13 0,07 0.03 0.11 
0.10 0.04 0,06 0.17 807 
60 004 0,06 0.09 0,15 0,19 0,)) 0.06 0.07 0,22 0,17 015 0.03 0,)) 0.13 
0.03 0,03 0,19 0,26 
59 005 0,09 0.12 0.13 0.23 0.19 0,05 0,11 0,19 0,21 0.15 0.04 0,10 0,20 
0.04 0.06 0,20 0,32 
08 0,09 0.16 0.12 0,17 0.24 0,23 0,06 0,13 0,26 0.24 0,16 0.09 0,22 0.22 
0,06 0,07 0,36 0,34 
07 0,00 0,11 0.14 0.20 0.31 0.24 009 0,11 0.27 0.26 0,19 0.10 0,30 
0.31 0.08 0.06 0.34 0.41 
36 0.10 0.15 0,10 0.22 0.30 0.34 0.13 0,15 0,34 0,33 0,23 0.12 0.35 
0.39 0.19 0,22 0.33 8.49 
35 0,15 0,20 0.25 0.32 047 0,4) 0.18 0,20 0,43 0,42 0,20 0.23 
0.40 0.49 0,26 0.26 0.67 0,63 
04 0,19 0.26 0.27 033 0.59 0.53 0.19 0.25 0.62 0.68 0.35 0,27 066 
0.66 0,42 036 0.77 0.77 
03 0.23 8,33 0.37 0,43 0,72 0,73 0.37 8.37 0,70 0.78 0.49 0.34 0.76 
0,94 0,54 0,48 1,01 0.87 
32 0,38 0,75 0,33 0.65 1.08 1.01 0.53 0,50 1.04 1.04 0.73 0,56 
1.09 1.12 0.66 067 (.2) 1,12 
II 0,47 0,60 0,82 0.09 1,04 1.09 0,05 0.70 1.11 1.12 1.02 0,76 1.26 
1.49 103 0.92 1,41 1.43 
10 2.07 0,83 1.03 1,79 1.47 1,43 1.62 1.57 1,37 1.39 1.38 1.13 1.59 
1.96 1.33 1.29 1.79 2,10 
49 065 1.52 1,29 1,42 1.99 1.99 1.20 1.18 1.80 2,14 1.65 1,41 1.76 2,27 
1.73 1.35 2.15 2,20 
48 0,91 1,13 1,76 1.70 1.73 1.03 1,65 (.76 204 1,94 1,98 1,07 
2.57 2.28 1.16 2.16 2,41 2,49 
47 2.38 0,80 2.93 3.32 1,68 ' 1.30 2,00 2,69 1.66 1.68 2,70 2.86 2,15 2.11 
3,14 2,97 2,36 2,67 
44 1.42 1,68 3,31 4,06 2.43 2.74 . 3.01 3.12 2.24 2.16 4,06 3,93 2,68 2,81 
4.45 4.40 2.92 3,15 
45 13.87 2.93 12,11 12.20. 4,14 3.96 10,62 10.73 3.91 3,40 8,98 913 4.57 4,23 
8,30 8,26 4,07 4.72 
44 0.00 000 602 6.21 3.91 5.27 626 6.37 4.16 3.94 9.06 9.31 5,91 
5.77 9.09 10.20 5.98 6,01 
43 69,02 74,55 40,06 47,67 31,21 50,27 47,12 40,24 49.66 49.70 37,42 35,86 34,46 33,39 
24.15 24,96 21.06 	. 22.09 
42 000 0,00 5,94 569 6.28 .6.21 7,42 6.95 7.61 7,77 10,52 970 12.15 10,78 1166 
11.67 10.80 12,29 
41 2,47 2,48 3.85 368 3,79 3,66 4.62 4.66 4,42 4,21 5,99 5.89 6,51 5.40 7.20 
7,16 6.46 7,29 
40 106 1.20 1,06 169 187 ' 	1.93 2(0) 2.00 1.95 1.09 3.19 3.07 2,98 2,89 4.03 4,11 
3,70 4,20 
35 0.60 0.97 1.11 1.04 1.45 1.42 1,44 1.13 1.54 1.50 1.84 1.00 (.8) 
2(14 2,67 2.57 2.66 2.52 
38 0.37 2,15 0.75 0.73 2.11 2.00 0.93 0.74 2.33. 2.14 1,10 1.19 2.57 2.16 1.69 
1.74 2,33 2.48 
37 0.42 0.92 10.74 0.69 1.24 1.25 0.01 0,76 1.29 1.22 1.24 	' 1.01 1.66 1.55. 151 
1.44 1,95 1,98 
36 0.59 ((.40 0,60 0,50 073 0.69 0.87 062 0.73 ((.74 0,91 0,84 0.81 1,09 1.32 
1.10 1.54 1.45 
33 021 0.40 ' 0.36 0.36 ((.67 0,63 0.42 0.44 0.55 0,59 0.53 064 0,56 0.09 1.09 
0.96 1.33 1.13 
34 ((.16 ((.26 0.20 0.25 9.46 043 0.39 0.29 0,37 0.42 0.33 0.50 0.41 0.04 
0,74 0.77 1.00 1.21 
33 ((.15 0,30 0.26 0,22 0.45 0.46 018 0.25 0.33 ((.57 0.26 0.45 0,31 0,71 
0.76 0,66 1,12 8.91 
32 ((.16 0.20 0.24 0.19 ((.37 ((.36 0,36 0,25 0.30 ((.36 0.21 0.41 0,29 ((.59 0,67 0,62 
0.89 0,00 
31 ((.11 0,59 0,17 0,19 0.69 0,66 0,21 0.26 0,69 0,59 0,10 0.44 ((.51 0.91 
0.57 0.72 0.92 1.14 
38 (E1) 0.17 0.19 0.2) (1,28 0.36 0.23 ((.23 0,24 031 0.15 0.39 0.24 0,59 0.61 
0.62 0,73 0,74 
29 010 ((.25 0.21 0.19 ((.34 0.54 ((.16 ((.18 0,28 ((.54 0.14 0.34 ((.24 0,92 0.60 0.57 
0.76 0,50 
28 ((.20 . 	0,21 0.21 0.26 0.31 ((.35 0.31 0.32 ((.26 0,33 0.10 ((.55 0,20 0.54 0,56 
0.71 0.84 0,52 
27 013 0.17 0,17 0.10 ((.24 ((.27 0.23 0.25 0,10 0.511 0,20 0,42 021 0,57 0,49 
0.60 1.04 0,49 
26 0.07 0.19 0,15 0,)) 0.30 0,27 0.18 016 0.31 0.51 0.11 0,27 0.32 0.59 
0,47 0,44 1.21 0.57 
25 ((.10 015 0.17 0,10 ((.25 029 0,20 ((.14 0.19 0,27 0,09 0.26 0,24 0,45 0,32 
0,35 0,70 0.56 
24 0,06 0.20 0,11 0,14 0.31 ((.27 0.11 0.17 0,27 ((.27 0.10 0.24 019 0.40 0,38 0.33 
0,68 0.40 
23 ((.09 0,19 0.13 0.10 0,27 ((.24 0.22 0,17 (1(9 ((.23 0,10 0.31 0.19 0,43 0,46 
0,37 0,65 0.61 
22 0.07 014 0.10 0,15 0,28 0.21 0.22 0,15 ((.4)) 0.42 0.09 0.22 0,65 0,49 
0.37 .0,29 0.05 0,61 
II ((.07 0,20 014 ((.00 ((.20 ((.28 ((.23 0.14 ((23 0.25 0.14 0.22 0,30 0,43 0.37 0.33 
((.68 0,40 
20 014 ((.16 0.19 013 0,25 ((.20 0.36 0.22 ((24 0,22 0,57 0.32 0.45 0.39 0.49 
0,49 0,68 ((.48 
19 ((.06 ((31 0,09 0.2 ((.43 041 0,15 ((.13 0.41 0,38 ((.14 ((.25 0.26 0,36 0.44 0.47 
0.07 ((.49 
II ((.09 9.26 0.11 0.09 ((.33 0.51 0.17 0.15 ((.42 0,20 0.09 0.26 0.56 0,46 0,29 
((.31 0,72 0,51 
17 ((.1 2 ((.18 ((.12 ((.15 ((.24 ((.20 ((.32 ((.20 ((.19 0.23 ((.10 0,44 0.20 0,52 0,51 ((.46 1.11 
0.36 
16 (((0) ((.19 6.07 0.11 ((.26 ((.27 ((.07 0,10 0,21 ((.23 0,11 0,20 0,19 0,35 0,22 
0.13 0.66 0.30 
IS ((.0)) 015 ((((6 0.08 ((.15 ((.24 0,66 ((.07 ((.17 ((.19 0.06 ((.17 ((.22 ((.36 0.13 0.19 
0,62 0,49 
II 00) 014 0.05 0(16 ((.19 0.10 0,04 ((.07 ((.18 017 ((.07 0.09 0.25 0.37 0.00 0.04 
0,46 0.10 
I) (((Xl ((.12 0,08 0,05 0.19 0.20 0,06 0.12 ((.34 0.15 0.07 0,11 ((.27 0.35 0,11 
0.00 0.55 0,12 
12 (E0)) 0,11 0.06 0,07 014 0.16 0,08 006 0,51 ((.13 0,10 003 1.93 0.29 0,04 008 
0.33 1.83 
II 000 0.08 009 0.03 ((.4 0.17 0,00 0,06 0.11 0.13 000 0.04 0,17 8.23 0.06 0.15 
0.40 0,06 
10 (((5) 0.00 004 0,05 ((.16 0.26 001 0.05 ((.00 0,12 ((.00 0,03 0,14 0.11 0,04 0,13 
0,38 0,00 
9 0,00 0101 ((.02 005 0,)) 0.21 0,100 0.87 009 0.12 0.00 009 006 0,05 0.08 
009 0.12 0.00 
8 (((0) (((Xi 0,02 0(0) 0,07 0,17 0,00 0.02 ((.06 0.06 0(0) (LOU (((5) 0.04 0.05 
0.00 0.08 0.00 
7 001 0(0) (((5) (((9) ((05 0.08 (((Xi 003 ((((0 ((((4 0.88 0,88 ((((0 (((8.) 0.03 0.00 
0.07 0.00 
6 (((Ml (10)) 0(0) (LIX) ((.05 ((.02 (((0) (((Xl ((((4 0.01 0.00 0(6) 0)0) 0(0) ((.0)) ((.80 
0. (0) (((Xl 
5 0(6) (LXX) 6(0) 0.10) 0.01 ((.02 0,00 ((.101 001 0(0) 00) 0(0) (LIX) (((0) (LOX) 0100 
0,00 (LOX) 
4 0.00 0.00 0,00 0,0)) . 	(((XI (((0) 0,0)) 0.0)) (El))) 0(4) 0(0) (((0) (((0) (((XI 0.00 
0,0)) ((((0 0.00 
3 0(5) (LIX)) 0(0) 0(01 (((0) (LIX) (((XI 0(0) 0(0) ((.15) 0,0)) (((0) 0(0) (((0) ((.00 0.00 
0,00 ((.00 
0(0) 0380 00) ((OX 0300 000 (((0)1 (((XI 0(0) (((0) 00) XIX) 0,00 0,100 0.0)) 0)0) 008 
0,00 
I 0.00) - 	0.00 0,00 0,00 ((151 0.00 0(0) ((.10) 00) 001 0(8) 0,00 0,00 0,00 0,80 0.00 0.00 
0,80 
0 0.00 0,130 018.) 0.01) 0(0) 0,00 0,00 1(110 0(0) 0.00 000 001) 000 0(01 000 001) 0.00 
0,00 
Dd 7,79 (3,50 10,60 17.76 2567 25.77 23.)) 21.57 27.57 27.95 20,84 31,17 3005 3893 41.24 40.76 49,84 
47.69 
Or,pn 69,82 74.53 48.06 47,67 51,21 50.27 47,12 41,24 49,66 49.70 37,42 3586 34,46 33,39 24,15 24.96 21.06 
22,09 




TableS. Mean of percentage values for each repeat length of pDL95 (A) and pDL915R (B) 
in E. co/i mutL sbcCD mutant DL927 (for detailed legend to Tables I to 8 see page 318). 
The first column shows the repeat length in number of trinucleotides (original: 43). 
a) +1- 1 mM IPTG; b) orientation A: CTG on leading strand, orientation B: CTG on lagging strand 



























c sta,l stall 0 0 0 0 1 I I I 7 7 7 
7 14 14 14 14 
d na. na. 2 2 2 2 3 3 3 3 
3 3 3 3 3 3 3 3 
60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 
79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 
76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 
0.00 
7? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 
76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 
75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 
74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 
73 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 
0.00 0.00 
72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 
70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
69 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 	- 0.00 0,00 0.00 0.02 0,00 0.00 0.00 0.00 0.00 0.00 
0.00 
66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0,01 0.00 
65 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0,02 0.00 0,03 0.00 0,03 0,11 0.03 
64 0.00 0.00 0.00 0.09 0.00 0,12 0.00 0.00 0.00 0,00 0.01 0,02 0.03 0,07 0.00 0,03 0.11 0.04 
63 0.00 0.04 0.00 0.14 0.17 0,17 0.00 0.00 0.00 0.00 0.01 0,03 0,07 0,11 0.00 0.06 0.12 
0.08 
62 0.00 0,07 0.06 0.16 0.16 0.20 0.01 0.00 0.00 0.09 0.02 0.03 0,12 0.12 0.00 0.06 0.14 0.10 
61 0.05 0.07 0.06 0.15 0,17 0,19 0.03 0.00 0,07 0.10 0,02 0,03 0,16 0.14 0,10 
0.07 0.14 0.08 
60 0,04 0,06 0.08 0.17 0.19 0.22 0.04 0.02 0.16 0,19 0.01 0.06 0.29 0.16 0.10 0.09 
0.30 0.17 
59 0.05 0,09 0.07 0.17 0.31 0.20 0.09 0.04 0.24 0.20 0.03 0.08 0.35 0.23 0.13 0.11 0.39 0.17 
58 0.09 0.16 0.08 0.16 0.31 0.33 0.11 0.06 0.38 0.30 0.05 0.10 0.39 0.32 0.23 0.13 
0.48 0.20 
81 0.06 0.11 0.25 0.21 0.20 0.33 0.11 0.12 0.35 0.34 0.10 0.18 0.44 0.44 0.23 0.15 0.51 
0.31 
56 0.10 0.26 0.24 0.33 0.37 0.12 0.14 0.49 0.35 0.14 0.22 0.53 0.50 0.27 0.19 0.59 0.49 
85 0.15 0.28 0.32 0.27 0.37 0.40 0.19 0.30 0.40 0.45 0.21 0.31 0.60 0.69 0.36 0.56 
0.69 0,68 
54 0.19 0.26 0.38 0.38 0.47 0.52 0.38 0.33 0.60 0.66 0.38 0.49 0.78 0.77 0.40 0.64 0.65 
0.76 
53 0.23 0.33 0.49 0.43 0.54 0.72 0.41 0.39 0.77 0.84 0.63 0.58 0.96 0.97 0.59 0.91 1.10 1.03 
82 0.38 0.75 0.79 0.59 0.87 1.11 0.69 0.68 1.09 1.08 0.80 0.78 1.19 1.31 0.88 1.01 1.33 
1.22 
51 0,47 0.80 0.83 0.92 0.95 1.08 0.86 0.81 1.16 1.11 1.06 1.11 1.45 1.42 1.09 1.33 1.68 
1.50 
50 2.07 0.85 1.98 1.74 1.72 1.47 1.48 1.59 1.54 1.64 1.45 1.43 1.80 1.83 1.32 1.73 1.84 1.96 
49 0.65 1.52 1.35 1.27 1.63 2.08 1.24 1.20 2.04 2.17 1.69 1.72 2.17 2.30 1.85 . 1.90 2.30 2.11 
46 0.98 1.13 2.19 2,10 2.03 1.89 1.67 1.82 1.90 1.77 2.18 2.21 2.36 2,33 2.31 2.57 2.58 2.52 
47 2.38 0.88 2.87 3.23 2.28 1.88 2.49 3.07 1.68 1.80 3.11 3.17 2.27 2.21 3.32 3.36 2.52 2.55 
46 1.42 1.68 3.84 3.86 3.35 2.92 3.56 3.76 2.97 2.99 4.31 4.43 3.30 3.07 4.50 4.59 3.48 3.22 
45 13.07 2.93 10.77 11.44 8.39 4.29 10.87 10.53 4,55 4.21 9.11 8,98 467 4.55 5,25 7.48 4.70 4.81 
44 0.00 0.00 7.88 7.77 6.42 5.30 7.86 7.91 4.95 5.23 10.29 10.18 6.49 6.29 10.03 9.76 8.52 6.85. 
43 . 69.82 74.55 44.08 45.12 45.85 47.72 44.26 46,05 46.44 46,45 30.38 30.03 30.26 29.94 22,28 20.87 20.21 21,23 
42 000 0.00 8.46 6.19 6,61 7.03 6.64 6.50 7.23 7,46 9,06 10.11 10.91 10.3,8 10,48 10.77 11,30 11.25 
41 2.47 2.48 4.20 3.49 3.53 3.75 4.53 4.02 4.07 4.06 5.85 5.64 5.54 5.68 8.87 7.07 6.37 6.52 
40 1.06 1.20 . 1.69 1.87 1.92 1.76 1.97 1.90 2.03 1.93 3,18 2.95 2.94 2.69 3.78 4.07 3.84 3.74 
39 0.68 0.97 1.05 1,04 1.34 1.54 1.13 1,12 1.70 1.87 1.81 1.88 2.28 2.13 2.46 2,94 2,75 2.64 
38 0.57 2.15 0.87 0.80 1.41 2.13 0.93 0.95 1.94 1.98 1,38 1.31 2.28 2.11 1.73 2.02 2.46 2,39 
37 0.42 0,92 0.93 0.66 1.28 1.08 0,71 0.68 1.33 1.36 1.02 '1.10 1.80 1.56 1.47 1.56 2.15 1,64 
36 0.39 0.48 0.59 0.64 0.68 0,75 0.70 0.64 0.63 0.72 0.99 0.80 1,22 1.12 1.21 1.37 1,57 1.43 
36 0.21 0.40 0.78 0.39 0.58 0,54 0.85 0.45 0.73 0,60 1.09 0.71 0.97 0.89 1.26 1.03 1.26 1.08 
34 0.16 0.26 0.35 0.29 0,32 0.50 0.48 0.32 0.49 0.42 0.75 0.55 0.76 0.67 0.96 0.64 0.99 0.91 
33 0.15 0.30 0,36 0.29 0,31 0.56 0.47 0.38 0.49  
 .4 1 
0,46 0.76 0.51 0.65 0.81 0.82 0.71 0.61 0,88 
32 0.16 0.20 0.51 0.33 0.31 0.50 0.49 0.38 0.38 0,75 0.59 0.57 0.63 0.95 0.75 0.74 0.73 
31 0.11 0.59 0,18 0.21 0.33 0.61 0.22 0.29 0.56 0.58 0,47 0.53 0.69 0.69 0,65 0.64 0.84 0.91 
30 0.12 0,17 020 0.21 0.21 0,45 0,23 0.25 0,36 0.34 0.40 0.39 0.47 0.60 0.54 0.58 0.67 0.71 
29 0.10 0.25 0.27 0.15 0,22 0.51 0.20 0.23 0.47 0.41 0.42 0.34 0.55 0,61 0,50 0.54 0,64 0,71 
26 0.20 0.21 0.19 0.32 0,23 0.38 0.28 0.33 0.33 0.30 0,46 0.64 0.40 0.50 0.55 0.68 0.62 0,66 
27 0.13 0.17 0.15 0.23 	. 0.20 0.30 0.20 0,29 0.28 0.28 0.37 0.48 0.35 0.52 0,54 0.72 0.52 0.62 
26 0.07 0.19 0.17 0.10 0.17 0.30 0.18 0.28 0.30 0.32 0.45 0.40 0,34 0,54 0.73 0.59 0.52 0.70 
25 0.10 0.15 0.18 0.18 0.15 0,21 0.22 ' 0.20 0.21 0.26 0.37 0.49 0,34 0.48 0.52 0,68 0.45 0.53 
24 0.06 0.20 0.15 0.12 0.16 0.43 0.14 0.18 0.34 0.43 0.32 0.31 0.37 1.14 0.45 0.39 0.53 0.89 
23 0,09 0.19 0.11 0.21 0.23 0.31 0.23 0.20 0.33 0.33 042 0.54 0,42 0.74 0,58 0.59 0.83 0.82 
22 0.07 0.14 0.12 0.26 0.23 0.30 0.14 0,26 0.31 0,29 0.23 0,76 0,44 0.55 0,37 0.56 0.61 0.92 
21 0.07 0.20 0.13 0.34 0.21 0.30 0,16 025 0.40 0.39 0.29 0.69 0,58 0.62 0.45 0.78 0.68 1,02 
20 0.14 0.16 0.17 0.29 0.22 0.21 0.30 0.32 0,26 0.33 0.35 0.63 0.43 0,52 0.65 0.57 0,60 0.88 
19 0.06 0.31 0.18 0.14 0.32 0.45 0.19 0.20 0,46 0,48 0.19 0.32 0.69 0.78 0.51 0.69 0,87 0.81 
16 0.09 0.26 0.15 0.13 032 0,24 0.17 0.12 0.32 0.32 0.17 0.18 0.60 0.48 0.43 0.43 0.74 0.66 
Il 0.12 0.18 0.14 0.13 0.26 0,25 0.26 0.07 0.25 0.29 025 0.14 0.45 0.50 0.41 0.29 0.60 0.68 
16 0.11 0.19 0.53 0.07 0.21 0.41 0.87 0,05 0.38 0.37 0,60 0.14 0,50 0,72 0.72 0,13 0.76 0.87 
15 0.01 0.15 0.47 0.04 0,21 0.12 0.27 0,06 0.34 0.19 0.34 0.11 0.52 0.38 0.52 0.13 0.79 0.38 
14 0.01 0.14 0.07 0.05 0,14 0.11 0.12 0.12 0.15 0.27 0.15 0.09 0.28 0.41 0.20 0,06 0.49 0.42 
13 0.01 0.12 005 0.05 0.16 0.09 0.07 0.12 0.14 0.25 0.07 0.16 0.21 0.38 0,17 0.08 0.53 0,54 
12 0.01 0.11 0,05 0.04 0.28 0.10 0.00 0.08 0.17 0.15 0.05 0.21 0.22 0.18 0.09 0.13 0.43 0,20 
11 0.02 0.08 0,04 0,04 0.12 0,08 0.00 0.00 0.11 0.09 0.03 0,04 0.16 0.11 0.10 0.04 0.22 0.13 
10 0.01 0.01 0.05 0,00 0.19 0.10 0,00 0.00 0.11 0.12 0.04 0.00 0.17 0,11 0,12 0.00 0.10 0.12 
9 0.01 0.01 0,04 0.00 0.08 0.09 0.00 0,00 0.13 0.13 000 0,00 0.16 0.10 0.00 0.00 0.22 0.13 
5 0.00 0,00 0.03 0.00 0.00 0.06 0.00 000 0.00 0,05 0.00 0.00 0.03 0.05 0.00 0.00 0.02 0.11 
7 0,00 0,00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.01 0.00 0.00 0,00 0.02 0.00 0.00 0.00 0,01 
6 0,00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.06' 0.02 000 000 0,00 0.02 0,00 0,00 0,00 0.00 
5 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 
4 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
3 0,00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 0.00 0,00 0.00 . 	0,00 
0,00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0,00 0.00 0.00 0.00 0,00 0.00 
I 0.00 0.00 000 0.00 000 0,00 0.00 0,00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 
0 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0,00 0,00 0,00 0.00 0.00 0,00 0.00 
13.1 7,97 13,52 21.57 19.27 23.12 26.62 23.55 21.20 27.68 27.98 33.97 33,82 39.29 40,17 41,78 42.41 47,33 47.79 
orIgin 68.82 74.55 44,08 45.12 45.85 47,72 44.26 46.05 48.44 48.45 30.38 30.03 30,26 29.94 22.28 20,87 20.21 21.23 
Exp 22.40 11,94 34.35 35.62 31.04 2566 32,19 32.76 25.61 25.57 35.67 36,15 30,45 26.86 35.95 36.72 32,48 30.97 
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Appendix 
Table 9. Subdivision of contracted plasmids into clas-I (loss of < 7 trinucleotides) 
and class-IT (loss of> 7 trinucleotides) repeat arrays as determined for orientation A 
(pDL915) and orientation B (pDL915R) in wild-type cells and mutS, mutL and mutH 
mutants on day 14 in the presence and absence of IPTG. The values presented in this 
table were obtained by subtracting the percentage values already present in the 
starting population from the percentage values shown in Table 3-5 (Chapter 3). 
Orientation A Orientation B 
IPTG 	I + IPTG - IPTG 	I + IPTG 
DL324 (wild-type) 
Del total (%) 22.1 23.2 30.7 32.7 
Class I 12.1 11.8 9.8 9.9 
Class II 1 	10.0 11.4 21.1 22.9 
DL902 (mutS)  
Del total (%) 30.6 37.2 31.1 34.2 
Class I 22.9 24.5 23.4 22.2 
Class II 7.7 12.8 7.7 12.0 
DL936 (mutL)  
Del total (%) 35.4 35.7 33.4 35.3 
Class I •22.4 26.7 21.4 22.7 
Class II 13.1 9.1 12.0 12.7 
DL1179(mutH)s  
Del total (%) 31.8 34.7 35.2 33.3 
Class I 22.8 23.7 21.1 20.2 
Class II 9.1 10.9 14.2 13.1 
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